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TERNATIONAL TEMPERATURE. SCALE AND SOME 
RELATED PHYSICAL CONSTANTS 


By H. T. Wensel 


ABSTRACT 


The situation in regard to the radiation constants is reviewed primarily for 
ne purpose of selecting the value of c; to use in Planck’s equation for securing, 
above 1063° C, a temperature scale which most nearly conforms with the thermo- 
namie scale. The values in the literature are discussed, and some data are 
uted for deriving ¢; from gas thermometry data. The constants arrived at 
the following: 
o = (5.70+0.02) X 10-5 erg sec -! cm=? deg ~* 
(3.732 + 0.006) X 10-5 erg cm? sec! 
1.436+0.001 cm deg 
2892+ 2) X10-4 em deg 
least mechanical equivalent of light=0.00151+0.00001 watt (‘‘new’” 
lumen)~! 
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I. INTERNATIONAL TEMPERATURE SCALE 


In 1927 the Seventh General Conference of Weights and Measures, 
representing 31 nations, unanimously adopted the International Tem- 
perature Scale [1].' If the ratio of any two temperatures be defined 
by the ¢ eq uation T;/T,=1—E, where Fis the efficiency of a completely 
reversible heat engine operating between a source at temperature 7’; 
and a sink at temperature T2, and if further the temperature interval 
vetween the steam point and the ice point be defined as 100°, the 
resultant seale is the thermodynamic scale advocated by Lord Kelvin. 
ao = itures on this scale, known as the Kelvin Scale, are designated 
as “°K” and denoted by the symbol T. The lower limit of tempera- 
ture is 0° K, and the normal freezing point of water, called the ice 
point and designated by the symbol 7%, is fourd by experiment to be 
approximately 2 73° K, 


LN 
‘Numbers in brackets indicate the literature references at the end of this paper. 
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The Kelvin Scale and other scales on which numerical values of tem. 
perature are a linear function of 7’ are the only thermodynamic scales 
which have been used to any considerable extent. If we wri 
t= T— 7), t is the temperature on a scale which is called the Therny. 
dynamic Centigrade Scale. Any temperature interval has the san¢ 
numerical value when expressed on this scale as when expressed on the 
Kelvin Seale. The International Temperature Scale “conforms with 
the thermodynamic [centigrade] scale as closely as is possible with 
present knowledge” and “is to be regarded as susceptible of revisior 
and amendment as improved and more accurate methods of measure. 
ment are evolved.” 

The possibility of revising the scale to secure some puproveme 
appeared soon after the scale was adopted. Below 660° © the sealo 
is defined by the standard resistance thermometer and Rit 660° C 
to the gold point, defined as 1063.0° C, the scale is defined by th 
standard thermocouple. The standard ‘thermocouple and the star 
dard resistance thermometer are made to agree at the freezing point 0 of 
antimony, 630.5° C, but agreement at 660° C was left to chanes 
In 1929 Roeser [2] found that the agreement was within 0.01° C at thy 
melting point of the sample of aluminum, 659.23° C, at which he con. 
pared thermocouples and resistance thermometers. Roeser used ty 
thermocouples and obtained agreement to 0.01° C with one and 6 () 
C with the other. It subsequently developed [3], however, that th 
silver used in this work had a freezing point 0.48° C lower than that 
of pure silver, corresponding to a difference of 5.5 microvolts in th 
electromotive force yielded by Roeser’s thermocouples at the silve 
point. Making this correction, it is found that these thermocoup) 
indicate the freezing point of the aluminum used to be 659.05° C 
whereas the standard resistance thermometer indicated the tempers- 
ture to be 659.23° C. Inasmuch as the standard thermocouple deiines 
the scale only from 660° to 1063° C, the temperature in question is 
659.23° C (Int. 1927), because it is in the range of the scale defined by 
the standard thermometer. Subsequently, the freezing point of a lot 
of aluminum to be used for standard samples was measured ? witli 
standard resistance thermometer as 660.01° C and with a standar 
thermocouple as 695.87° C. ‘The temperature in question 1s abov 
the range defined in terms of the resistance thermometer and belo 
the range defined in terms of the thermocouple and therefore cannot be 
expressed on the International Temperature Scale of 1927. This 
situation can be remedied by limiting the range of the scale delined by 
the resistance thermometer to temperatures below the freezing poit 
of antimony and extending the range of the thermocouple down to 
that point. 

Above the melting point of gold, the scale might well be based on 
the Planck formula instead of the Wien formula, which w od used 11 
defining the 1927 scale [1] up to about 5000° C, where d (t+273) is less 
than 0.3 em deg. The use of the Planck formula w ould 1 make n0 
significant change in the scale below 5000° C and would result in 
scale which conforms closely to the thermodynamic scale at all temperi- 
tures above the gold point. 

A study of the question of whether other revisions might secure sti 
closer conformity has led, among other things, to a re- -evaluation of the 


1 The resistance thermometer measurements were made by R. S. Jessup and the thermocouple measur 
ments by A. I. Dahl. 
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djation constant which is used in defining the scale at high tempera- 
ryres. A true perspective of the data on the radiation constants 
uunot be obtained without consideration of a number of other 
vsieal constants more or less directly related to the radiation 
nsté ints. The numerical values of some of these related constants 
eye been established so accurately that, in combining them with 
ther constants which are much less’ accurately established, they may 
he treated as exact. Nevertheless, it seemed worth while to discuss 
|| the constants involved in some detail, either to indicate how 
jittle the value selected contributes to the uncertainty of the derived 
radiation constants or to make the incidental results of this study 

yailable to readers who may find them of interest. 


II. THE RADIATION CONSTANTS 


The constants by means of which the energy radiated by a black 
body may be characterized are ¢,, ¢2, 7, AmZ’, and v,,/T defined by the 


=¢,r75 ( pit) (1) 
pee e —] i 


- Jd\= % J,dv=aT" 


formulas 


ee =G=0. 201405¢e, 


where 
=5(1—e-“*) 


P and 
Be c 
ym C9 92144" 
7 C2 Cc,’ 


where 
B=3(1—e- 
In the above formulas 
\ is the wavelength 
v is the frequency 
c (=p) is the velocity of light 
T is temperature in degrees K 
eis the Naperian base, 2.7182818 . 
J, is the radiant energy (of wavelength A) per unit wave 
length interval emitted per unit time by unit area 
of a black body throughout the solid angle 27, 1. e., 
‘hemispherical radiation.” 
J,is the radiant energy (of frequency v) per unit fre- 
quency interval emitted per unit time by -_ area 
of a black body throughout the solid angle 2 
\nm 20d ym are the values of d and »v at which Jy and nme nine 
tively, are a maximum for any given value of 7. 
It should be pointed out that, for a given value of 7, \,, and v», do 
lot correspond to the same region of the spectrum. In other w ords, 
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their product is not ¢ but c(B/A), or 0.56825 ¢, so that v», is displaceg 
toward the red end of the spectrum from the value of » correspondir» 
tO Am. This may be seen by writing dy=— (c/d*)dX. " 
All magnitudes will be expressed in cgs units, i. e., \ in em, J, in er 
sec”'cm~*, ¢, in erg sec™'em?, c, in cm deg, @ in erg sec™em=*deg-* a, 
In giving numerical values, factors of 10" and the cumbersom, 
designation of units such as those above will often be omitted afte 
the first writing when it is felt that no ambiguity will result. a 
We have the following relations 


15 
¢=2rc7h= =A, 


-+(i cF 


ot Fes and 


2r'c*h ch 
= rns ae 0.8 26— 
Loe! 40.8026 ca? 


where c=the velocity of light in cm sec"! 
h=Planck’s constant of action in erg sec 
k=the Boltzmann constant in erg deg! 
e= electronic charge in electrostatic units (esu) 
F’'=the faraday constant in (esu) mole™ 
R=the gas constant in erg deg~! mole™. 


There are a number of reviews available on the best values of the 
physical constants derivable from experimental data, but the radiation 
constants have not received much attention in recent years. The 
experimental values of o and cy have usually been used to calculate 
values of h, but not much weight has been given to the results. Better 
values of the radiation constants can be derived from atomic constants 
than from the published experimental values, and it seems worth 
while to make a critical study of these related constants for the 
primary purpose of deducing the most probable value of the constants 
which appear in the formulas for black-body radiation. 

For practical work, a knowledge of the numerical value of any 
radiation constant, excepting ¢2, to better than 1 or 2 percent is seldom 
required. Measurements involving J, are usually so made as to 
depend only on ratios in which ¢ cancels out. Even when this is not 
the case, an accurate value of c, is seldom of interest, because we have 
at present no technique for accurate measurements of Jy. The 
situation in regard to o is substantially the same. The only exper- 
ments in which anything besides an approximate value of ¢ is of 
interest are those made for the purpose of determining c. 

Our interest in the constant c2 lies in the fact that it is one of the 
constants used in defining the International Temperature Scale above 
the melting point of gold. This definition is ‘‘by means of the formula 


lo =H = l =) 
Be J, \1336 (+273) 


The constant c, is taken as 1.432 cm degrees. The equation is valid 
if \(¢+273) is less than 0.3 em degrees.” In this equation J; and +; 
are the values of J, at the melting point of gold, defined as 1063”, and 
at the temperature t, respectively. A change in ¢; of 1 percent results 
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in a change in ¢ of more than 10° at the melting point of platinum and 
of more than 60° at the melting point of tungsten. 


III. AUXILIARY CONSTANTS 


In giving the numerical value of a quantity it is usually advisable 


' to add a numerical statement of the uncertainty associated with the 


value given. The + terms in this paper represent the limits within 


' yhich it is estimated that the true value is included with a prob- 
ability of about 0.9. They represent merely the author’s opinion 
' and may bear little relation to the mean deviation. 


1, VELOCITY OF LIGHT 


The velocity of light is so accurately known that, for the calcula- 


' tions made in this paper, it may be treated as exact. Karolus and 


\Mittlestaedt [4] obtained the value 2.99778 x10", while (Michelson), 


' Pease, and Pearson [5] obtained the value 2.9977410". The 


velocity of light is taken as 


c= (2.99776 + 0.00020) <x 10" cm sec™'. 


2. KELVIN TEMPERATURE OF THE ICE POINT AND THE VALUE 
OF R 


The temperature of the ice point on the Kelvin Scale, 7, has been 
derived in a number of laboratories. The most recent and reliable 


| of the values are listed in table 1. 


TABLE 1.—Recent values of To 





Authors Laboratory 





Keesom and Tuyn [7]-- 





.-| 273.16-273.17 


273. 16 











The value 273.16 to 273.17 listed for Beattie is provisional as 
Beattie’s final calculations have not been completed. On the basis 


| of the determinations listed in table 1, 


T)= 273.16 +0.02°K. 


The value of RT, needs little comment as it is known more accur- 
ately than ZT). The value for RT, given by Birge [11] reduces to 
2.271110" erg mole“. Combining this with 7,273.16, the value 
of Ris found to be 


R= (8.3142 + 0.0010) x 10’ erg deg-! mole-'. 
3. INTERNATIONAL ELECTRICAL UNITS 


Many of the experimental data to be considered are expressed in 
{nternational Electrical Units. In order to ‘reduce the published 
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results to electrostatic units (esu) for substitution in eq 9 the ratic 
of the international to the absolute units must be used. The mow 
recent published determinations of the ratios of the internationg] ;, 
the absolute (practical) units are summarized on page 113 of the 
Procés Verbaux des Seances, Comité International des Poids o: 
Mesures of 1937. Inasmuch as this publication is not generglly 
available the summary is reproduced below: a 
ETL (Japan).............----- linternationalohm =1.00046s abs. ohme 

NBS (U. S.) international ohm =1.00045, abs. ohms 


NPL (Great Britain) - - linternational ohm =1.00050, abs. ohms. 
PTR (Germany) international ohm =1.00048; abs. ohms 


jt —_—_—— ee -- 1 international ampere = 0.999935 abs. ampere 
NBS- sr Peta ’ international ampere = 0.99989; abs. ampere, 
NPL. = = international ampere = 0.99984, abs. amper: 


ETL_ : . Linternational volt =1.000403 abs. volts 
NBS-. ; : 1 international volt = 1.000349 abs. volts. 
NPL- ; - - linternational volt =1.000352 abs. volts. 

The most recent NBS value [12] for the ampere, however, is 0.9998) 
which is in remarkably good agreement with the NPL value. Fron 
these data the following values have been derived: 


1 International Ohm 
1 Absolute Ohm 





= p= 1.00048. 


1 International Ampere _ 
1 Absolute Ampere 





q= 0.99986. 


1 International Volt _ 
1 Absolute Volt ~? 


4. THE FARADAY 


In 1929 Birge [11] recommended 96,487 abs. coul. for the faraday 
and is still using this value, since his latest value [13] of 96,513.1 abs. 
coul. per mole on the physical scale (atomic weight of oxygen=1.00027 
X16) is simply 1.00027 times his 1929 value. This value is base’ 
entirely on the determinations of F with the silver voltameter. |: 
is the proper value to use in equations connecting atomic constants 
(as Birge himself points out) only if the measured amount of silver 
deposited in a silver voltameter by the passage of a given charge of 
electricity truly represents the mass associated with that amount of 
charge. There is reason to believe that this is not the case. While 
it is true that the difference is of no consequence in deriving values 
of the radiation constants, it cannot be ignored if one wishes to expres: 
the faraday to 0.1 coul. 

In the first place, on account of inclusions and similar causes, thi 
mass deposited by one coulomb is not the mass of silver ions witl 
which one coulomb of charge is associated. Correction is usually 
made for inclusions, but there may be other effects which are no! 
known. In the second place, the amount of silver deposited is nol 
necessarily the amount of silver weighed. It may be worth while to 
quote a few sentences from a discussion of this question by Rosa anc 
Vinal [14]. “The precaution taken by some observers to soak the 
silver deposits over night in distilled water to remove the last traces 





q= 1.00034. 





itios 


ost 
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of electrolyte was shown to be harmful because it was discovered that 
cer in contact with platinum is appreciably soluble in distilled water. 
ris was shown by repeated tests. The silver and the platinum differ 
jichtly in potential so that a current passes from the silver to the 
platinum through the water.” If acid is present in the electrolyte 
there will, of course, be a re-solution of the deposit. Although there 
is no difficulty in avoiding loss of deposit due to acidity of the elec- 
trolyte, the question of re-solution in a neutral electrolyte still remains, 
inasmuch as in the usual form of silver voltameter, the silver is 
deposited on platinum. 

All of these effects, as long as they are constant, have no bearing on 
che use of the silver voltameter as a device for reproducing the inter- 
ational ampere defined as the current which will deposit 0.001118 g 
o{silver per second in a silver voltameter. The technique of the silver 
voltameter has been so well worked out that it is a precision device 
capable of being used to check the voltage of the Weston normal cell. 
Rosa and Vinal [14] list six determinations of this voltage in five 
diferent countries with an average deviation of 1 part in 10° from 
‘he mean and a maximum deviation of less than 2 parts in 10°. 

The international ampere, so defined, is thus transferred to stand- 
ard cells and material resistance standards (wire coils) which are then 
used to reproduce the international ampere in the various national 
laboratories. There are small differences in these material standards 
but they amount to only a few parts in 10° and can be neglected. We 


sil 
m] 
J 


' have then, from the silver experiments, that 


__at.wt.of Ag 107.880 


esate NB Rp aa Pee et athena eee C int. c -1 
0.001118 0.001118 96,494 int. coul. mole. 


\\hile the statement “‘in a silver voltameter a weighed deposit of 1 mole 
will result from the passage of 96494 int. coul.”’ is true to about 1 part 
in 10°, the uncertainty in the above figure as a value of F'is determined 
by the magnitude of the effects described earlier. We will not 
question the fact, which must be true if values of the specific electronic 
charge, e/m, are to be deduced from F, that each univalent ion carries 
the charge e. 

It is evident, then, that the definition of the international ampere 
in terms of the silver voltameter does not confer any special virtue on 
silver in the determination of the faraday. In fact, if we used a 
different element which was free from all effects of the kind described, 
it would yield a more reliable value of /. Unfortunately, there are 
very few elements that are suitable. There must be no question of 
the valence. If we have, for example, both univalent and divalent 
ions, the result will be entirely useless. Iodine is one of the few that 
can be used. It is free from the effect of inclusions, but the mass 
determined by titration may differ from the mass deposited due to 
oxidation by the arsenious acid solution used in the titration. The 
value of the faraday obtained with the iodine voltameter is 96,514 
int. coul. per g equiv. [15]. There seems no logic, whatever, in ignoring 
the iodine value. The effects in the two cases are not known, but 
it seems fairly certain that the faraday lies somewhere between the 
(wo values whose mean is 96,504 int. coul. There is no point in weight- 
ing the silver value higher than the other simply because more work 
has been done with the silver voltameter. This difference of 20 parts 
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per 10° is inherent in the two methods and would probably not 
greatly changed by more determinations. 

To get Fin units which can be used by atomic physicists we myg 
know the relation between the absolute and international ; ampere 
For this we now have a reliable conversion factor gq. The vario 
determinations yield the ratio of the size of the absolute ampere to 
the international ampere as represented in each case by the mat teria! 
standards, standard cells and standard resistance coils, at the nation) 
laboratory making the determination. The differences in thes 
material standards can be neglected and well within the accurac Y with 
which we can at present evaluate the faraday, the conversion factor 
apply to the international ampere as defined in terms of the silver 
voltameter, that is, to the value of F=96,504. 

In 1906- 07 an extended investigation was carried out at the Nations! 
Physical Laboratory [16] in which the silver deposited by one absolute 
coulomb in the “New Form” of silver voltameter was 0.00111815, 
The absolute ampere was realized with the Ayrton-Jones curren: 
balance. This is not a determination of F, but a determination of 


is 


_0.0011180 
1~9.00111815, 


=0.99986. 


This value, while not comparable in accuracy with recent determing. 
tions, agrees surprisingly well with the best of these. 

The value of the faraday is then 96,504 int. coul. mole’, or 96,49) 
abs. coul. mole-!. This value does not differ much from the one 
Birge is now using but is based on different data. His use of only tlie 
silver data was to a large extent balanced by his use of an obsolete 
value of gq. 

Expressing the result in electrostatic units 


F= (2.8926 + 0.0002) x 10" (esu) mole~’ 
5. VALUES OF e AND h 


For the purposes of this paper an accurate value of the ratio h/eis 
of far more concern than accurate values of either A or e. There is 
some divergence in the fourth significant figure of the value advocated 
fore. It appears that the value derived by Von Friesen [17] is based 
upon impartial consideration of the data available. This value is 


e= (4.800 + 0.005) x 10-"° (esu) 


The value of e=4.800 and the value of h/e listed on page 392 lead toa 
value of 
= (6.61 +0.01)x10-” erg sec. 


This value agrees to three significant figures with all the recent values, 
see table 5. 


IV. VALUES OF c,; FROM ),,T. 


One of the most direct methods of evaluating c, is by the use of 
eq4. The published results are listed in table 2. 





pere 
rlous 
re to 
terlu| 
lona! 
these 
With 
ctors 
silver 


ional 
olute 
815, 
TTent 


of 


ming: 


649 
y one 
Vv the 


solete 


h €18 
ere 1s 
cated 
based 


alues, 


Radiation Constants 383 


TABLE 2.— Values of cz from measurements of \»T 





| ; 
, S 
Authors Year | Published values elected 


values 


: 8 ¢ , 
ymmer and Pringsheim {18}. : a 1. ~ Soaadeata 1.46 : 1.45 


1899 
en aud Wanner [19]. : -|4 1900 =a : , 1.44 
1901 
1907 


and Valentiner [20]. 1912 


1913 1. 4374. 
1915 1.425 and 1.43 to 1.44 
1914 1.4465 
1916 1.4369. - 
1922 1.4318_ - 
f 1914 1.44___ 
\ 1917 1.4394. _ _- 


1922 ie > ao 1, 427 


1910 
1911 2 to 1.46- 
irg, Leithauser, Hupka, and Miiller [21}_ - 1912 36 and 1.438 


1. 430 











Unweighted mean . oF —— poe eer ee Pad tee 1. 4361 
Mean deviation. P . . 6 ; 7 mae 0. 0059 


All the values listed in the third column eeu hoes J Coblentz 
and of Holborn and Valentiner represent separate determinations. 
Holborn and Valentiner’s value of 1.435 is merely a correction by 
Valentiuer of the value originally reported as 1.42. Coblentz’s values 
of 1916 and 1922 represent only corrections of the value originally 
published in 1914. 

It isevident that a mean of all the published values would have little 
or no significance. The best value derivable from these data would 
bea weighted mean of the selected values, but it is very difficult to 
assign weights to such observations. These selected values are the 
inal values arrived at by the various groups of experimenters. In 
eases where reported vi alues of c, were based on the equation ¢,=5A, 1 
obtained by using Wien’s formula instead of eq 4, the values have been 
recalculated. 


’ 


V. VALUES OF c,; FROM o 


The second method for obtaining c, is from measurements of o as 
F defined by “ 3 and the relation given in eq 8. Substitution of the 


numerical values of ¢ and A from section III in the latter yields the 
we 
relation 


¢:=0.1247707""* (12) 


_ In table 3 are listed the available data on o with values of ¢, caleu- 
lated from eq 12. 
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TABLE 3.— Experimental values of ¢ and mpemnennnys values of cy 





7 

Reported | Selected 
Authors | Year values of | values of 
ai 


| ) | 
| 
| 


o1()) 


Lehnebach [25] 

Kundt and Warburg [26] 
Graetz [27]. . 

Christiansen atest 
Scheiner [29] _ - 


Kurlbaum [30] 

1909 
Féry and Drecq [31] 191911 
}{1912 
Todd [32] | 1909 

| 
; yulin [33] 1/1909 
Bauer and Moulin {33}. 1} 910 


Valentiner [34]_ . ae 


Shakespear [35]- 1912 
Puccianti [36] 1912 
Westphal [37] 1912 
Gerlach [38] 141916 

tive 20 
Keene [39] 


Coblentz [40] 111916 


Foote [41] 1918 
Kahanowicz [42]___- __| 1919 
Wachsmuth [43]____._- = 1921 
Miiller and Csaszar [44] -| 1923 
Hoffmann [45]_ _- ~ a =i 1923 
Kussmann [46] _- 1924 
Hoare [47]_.. 5 by ae 1928 
Miiller [48] 

Mendenhall [49] _-_ - 








There is considerable uncertainty in these values arising from the 
corrections of about 2 percent which are usually made for the lac 
of blackness of the receiver. The values reported by Hoare and b 
Mendenhall are the only ones which do not involve any uncertaint 
from such corrections and are considered the most reliable. rte 
of the values originally reported have been corrected in later publica- 
tions, but the original values are used except in cases where the corree- 
tions were made by the men who originally reported the results 
Thus Valentiner corrected his value of 5.36 to 5.58 and Kurlbaum’s 
value of 5.33 to 5.45. Valentiner’s corrected and Kurlbaum’s origin! 
values are selected for use in obtaining the mean. The first fiv 
values reported have been included in the table merely because o! 
their historical interest. 

A weighted mean of the values in table 3 would probably yield: 
better value than the one derived, but the assigning of such weigh 
isnot attempted. It is evident that in general ‘the earlier values of « 
are smaller and the derived value of ¢, larger than the later ones 
Thus the first 10 values of c, listed in table 3 have a mean of 1.489, 
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nd the last 10 have a mean of 1.434. On the assumption that the 
ater values are more reliable, they might be given more weight, but 
this assumption is open to some question. It is felt that there are 
enough values to minimize the effect of including a few which are 
aineel to be somewhat less reliable than the others and the un- 
weighted mean seems the wiser choice. 


VI. VALUES OF c; BASED ON OPTICAL-PYROMETER 
MEASUREMENTS 


99 


{nother method which was used by Mendenhall [23] and by Day 

nd Sosman | 50] has not been given much attention because of the 
reity of the required expe rimental data. Equation 11, defining the 
ternational Temperature Scale of 1927, may be written 


1 (+273) (tsa +273) 
= Aln 5: [— tau a“ “= Nn 1 FEI 


(13) 


The product MnJ;/Jin may be measured with an optical pyrometer 
and ¢; ealculated for any case where the corresponding temperatures 
are known on the thermodynamic scale. 

Day and Sosman and Holborn and Day [51] have measured the 
temperature of a large number of fixed points on the constant-volume 
nitrogen gas scale with a pressure at 0° C. of approximately 300 mm 

ofmercury. ‘The corrections to convert [52] these temperatures to the 

Centigrade Thermodynamic Seale are only a fraction of a degree even 
at the palladium point. Some of these temperatures, so corrected, 
are given 10 table 4. Day and Sosman did not make measurements 
at the copper-silver eutectic point, but their scale was so well described 
in terms of other fixed points, that temperatures in this region can be 
determined on their scale with considerable precision. Mendenhall 
and Forsythe [53] have determined the ratio of the temperatures of 
the gold and palladium points on the Kelvin Scale by means of eq 3. 
They found that the energy radiated by a black body at the palladium 
point was 3.4626 times that radiated by a black body at the gold 
point. From this 


“= 44/3.4626, or t=1549.5° C. 


The value of AlnJ,/J.. for palladium listed in table 4 is that of 
Fairchild, Hoover, and Peters [54]. These authors compared their 
palladium with samples used by Day and Sosman and found the 
melting point to be the same within 0.1° C. The value for the nickel 
point is that of Wensel and Roeser [55] and the remaining values 
represent unpublished work by these same experimenters. 

In the case of copper, the size of the interval, about 20° C, precludes 
the determination of c, to better than about 1 percent. Although 
Day and Sosman ascribe an uncertainty of about %° to each of the 
gold and silver points, the nature of their measurements was such that 
the systematic or constant errors in their work would have the same 
sien and be of about the same magnitude at these two points. The 
difference between them is probably good to +0.2° C, in the same 
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way that the interval between gold and copper is certainly not ;, 
error by more than 0.2°. At the copper-silver eutectic point thy 
uncertainty in c, is caused largely by the inability to make hic}, 
accurate optical-pyrometer measurements at the comparatively Joy 
brightness level correspending to that temperature. 


TABLE 4.— Values of ¢, based on optical pyrometry 


Fixed Tempe- | 


points | rature Authors Method 
its | 


J 
(t) (> yt Vy 
J | ny)” 
°C | 
1549 Day and Sosman_.. | Gas thermometer 
1453. : do_. eiks | << a ; 
| 
| 
| 





4997 
5905 
1082.8 do... do. 896 103 
1062 s Oe... do... 
960.2 |.....do__. do... 
778 (Indirect) - do... 





“16085 
—4937 


| 
| 
| 
| 


1084.3 | Holborn and Day-- aes eee } 903102 
1064. 4 do... do_. eee. (2 
961. PS A a do. : — 16108 


1549. Mendenhall and For- | Radiation pyrometer 5003 
sythe. 
1063.0 |_. pekadbbachidowusel KO Oe One)... 








Unweighted mean... 
Mean deviation_- 





VII. VALUES OF c,; FROM ATOMIC CONSTANTS 


In view of the material presented in the preceding sections, the 
adoption in 1927 of c.=1.432 cm deg in the definition of the Inter- 
national Temperature Scale seems to call for some explanation. 

The values of c, derivable from experimental values of \,,7' and 
from the gas-thermometer determination of the palladium point 
were essentially the same in 1927 as those given in this paper, namely, 
1.436 and 1.438, respectively. The value of c, derivable from s, 
however, was about \ percent lower than that derived today from 
the same value of o, because the accepted value of h was then about 
6.55, or 1 percent, lower than that accepted today. A value of 
h=6.55 and o=5.7 corresponds to a value of c.=1.432,. Moreover, 
the values of h/e advocated in 1927 yielded values of 1.432 to 1.433. 
As the confidence placed in the a vailablo values of h and h/e at that 
time was such that they were generally expressed to four or five 
significant figures, the discrepancies in ¢, were not considered serious. 
The data on AZ’ are not such as, in themselves, to inspire much 
confidence, and the value of c,. deduced from the temperature of the 
palladium point was considered to indicate that Day and Sosman 
were overly optimistic in claiming an accuracy of 2° for their deter- 
mination of this temperature. The history of the values of / and 
of A/e, as outlined in table 5 and figure 1, explains the choice of the 
value of c. (shown by the star at 1927 in fig. 1) used in defining the 
temperature scale, 
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9) 
i916 is20 1924 1928 1932 1936 A.D. 
Figure 1.—Values of c calculated from h/e. 


Taste 5.—Values of h and of h/e which have been recommended by various 
reviewers 


Recommended by hX< 1037 (h/e) X10"? | 1.0430 (h/e) X10" ==cy 





1917 illikan [56). Ri ilatat et cakeieniie a ke oe eine eal 6. 547 . 3714 . 4304 

| 19.__.| Birge [57 EPS fhe BRAT gg eh ct gs 6. 550 . 3729 . 4319 

the B 1423 Int “Crit ‘Tables (58)... Gree Rae case ee 6. 554 . 3729 . 4319 
iter. irge [ sase seun-es aaa 


. 37 
and 
Olnt 

Be sardon [63] - - 


Bios [08 . betes ..| 6.58 and 6.61 
on Friesen [65}.- paksnieeuca cans cakiale 6. 61 
likan [66]. awn 3 6. 61 

Dunni ington [67 A. = ‘ Site eseae wen 6. 6133 














Since the values of c, F, and R# are all very accurately known, the 
quantity cF/R=1 0430 10" may be taken as exact and eq 9 written 


us 


C2= 1.0430 h/eX 10". (14) 


The confidence which may be placed in this value of cF/R is indi- 
cated by the fact that the constants in the oldest reference available 
in which all three are given, the 1897 edition of the Smithsonian 
Tables, yield 1.0429, those in the first (1910) volume of ‘Tables 
Annuelles de Constantes’”’ yield 1.0428, while those recommended by 
Birge [11] in 1929 yield 1.0431. Using the constants in the ICT, the 
result is 1.0435. The value of c, calculated from formula 14 there- 
ore, Will be as accurate as the value used for h/e. 

The res ison for the sharp upturn in the accepted values of A and h/e 

bout 1932 is to be found in a change in the views held in regard to the 
dhctronia charge, e. Up to 1928 no determination had been made 
since Millikan [68] obtained the value 4.774107” (esu) (later [60] 
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recalculated as 4.770) and the numerical value of e was based ent ire 
upon his result by the oil drop method. In 1928 Baicklin [69] meg 
ured e as 4.793 by an X-ray method, but his work made very litte 
impression until ‘confirmed by other workers both by X- Tay ay 
electron-diffraction methods. This led to a reexamination of Milli. 
kan’s work, and a redetermination of the viscosity of air by Kellstré, 
[70] showed that this is about 1 part in 150 greater than the yalyp 
used by Millikan in his original calculations. With this modification, 
Millikan’s value is in agreement with values obtained by othe: 
methods as well as with a more recent [71] and accurate determinatio; 
of 4.800 by the oil drop method. In the last 10 years there hay, 
appeared seven determinations [65] of e, ranging from 4.793 to 4.g0¢ 
by three different methods, the average of which is 4.800 10>” (eg), 
This value is believed to be accurate to +0.1 percent. 

The constant A is never determined except in combination with , 
the quantity actually determined being Q=h/e"t!, where n has the 
value 0, 1/3, or 2/3, depending on the type of experiment. The mos 
accurate values of Q are obtained in experiments of X-ray diffraction 
from calcite and from ruled gratings * yielding values of h/e* and 
h/e®*, respectively. We have then that 


d(h/e) _ le 3 
h/e ve v% 


so that, aside from the error in Q, the percentage error in h/e is always 
less than that in e. The various determinations of h/e"* H have been 
carefully examined and the values of h/e shown in table 6 have been 
derived on the following basis: 


Calcite grating space=3.0356 X 107° [72] 
c=2.99776 X 10° 
=4.800x 107" 
1 International Volt=1.00034 Absolute Volts 


TABLE 6.—Experimental values of h/e 
P 


Authors Year Method 








Lawrence [73]._-..-.__-- | 1926 | Ionization potentials - 
Millikan [74]_. 1916 Photoelectric effect. 
Lukirsky and Prilézaev [75]_- 1928 Set 

Olpin [76) | 3900 |.....d0. . 

Wagner [77 | 1920 X-rays. 

Duane, Palmer, and Yeh [78] 1921 
sy, ae X 
Kirkpatrick and Ross [80]--.-- 

Schaitberger [81] ; 

From Rydberg constant [82]. __- = e/m=5. 273010 " oa 


Gnan [83] ive ; 9: Electron diffraction : 
Von Friesen [84]... ___- | 1036 {.....do.. . 


Eddington [85]...._.__- SE Te aA eS ; ch/2we? = 137__...-. 


oi 
enh so =), 


but the value of e/m is an independently determined constant, the measurement of which is not affected by 
e, and thus becomes part of the measurable quantity Q. In fact the measured value ¢/m, together with ¢, 
constitutes the determination of h/e. 








3 The latter method yields 
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There are many determinations from ionization potentials but, in 
ost of these, accuracy beyond two significant figures was not even 
-yght. Lawrence’s result is the only one worth considering here. 
jawrence’s reported value of 1.3737 from the ionization potential of 
nereury Vapor and the equation 
V he . h Vr 15) 
e=— or -=— o 
ny ¢ 66 ies 
was based on the international volt and c=3 X10". On the basis 
ised here we get 
» 4 3 > hee? hed yr 
h/e=1.00034 X- =~ KX 1.3737 =1.3753 
, 2.99716 
gf; “correction” of Lawrence’s 
result, but an expression of h/e on a different basis. Lawrence’s 
etual result is a value of 10.40 international volts for the limit of the 
mereury absorption spectrum A=1.188X107>. From this we have 
that 


Strictly speaking, this is in no sense a 


Bn he ana 
f 2.99776 X10 2.99776 X10 
This result is entirely independent of the value of e. 

From measurements of the photoelectric effect, Millikan obtained 
i value of h=6.57X107?7 based on c=3X10" and e=4.774X 107". 
On our basis, therefore, his work vields 


6.57 


4.774: 


Z.3 


h /e = 


3 
—— X 1.00034=1.3777. 
9776 


Lukirsky and Prilézaev obtained A=6.543 based on e=4.774. This 
result requires adjustment for e and for reduction to the absolute volt, 
F but not fore. Olpin obtained h=6.541, using sodium treated with 
_ sulfur vapor, and states in his prefatory abstract ‘An almost identical 
value is obtained for untreated sodium.”’ Ilowever, in the body of 
he paper his result for untreated sodium is given as h=6.6, with the 
observation that it is not as reliable as the value 6.541. Von Friesen 
65} in his table TV quotes Olpin’s result as h=6.561, which is the mean 
obtained by giving the value 6.6 one-half as much weight as the value 
» 6.541. This seems to be as good a way as any to treat Olpin’s result, 
und from it we get 
6.561 
4.774 
| Determinations of h/e by this method likewise do not require a knowl- 
edge of e. 
The X-ray method also determines h/e from eq 15, that is, 
h_ or_ 2dV'(1.00034) sin 6X 108 
oor a a a © a a ee 


Vi : 
int ieee io nen i 


h/e= X 1.00034 = 1.3748. 


where » is in (esu) of potential difference, V is in absolute volts, V" 
ls In international volts, and d is the grating space of calcite. The 


result does not depend on e unless the value used for d is made to 
132431—39-—2 
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depend on e. In the past, d has usually been calculated from the 
physical properties of calcite, using an equation in which d is pro. 
portional to ¥e. When e was put equal to 4.770 or 4.774 a value of; 
(about 3.028 10-*) was obtained which required X-ray wavelonet). 
found with crystal spectrometers to be multiplied by 1.00248 to make 
them agree with X-ray wavelengths measured with ruled gratings {79} 
In other words, measurements by the two methods will agree if ¢ {o; 
calcite is taken as 1.0025X3.028 X10-°=3.0356 10-8. If, on th 
other hand, we calculate d on the basis of e=4.800, we get d=3.()9s 
(4.800/4.770)'8=3.0344. We get about the same values of h/e, there. 
fore, from the crystal X-ray work by using the multiplying facto; 
(4.800/e)'’ or by using Beardon’s [72] value of d=3.0356, which is ob. 
tained by comparing ruled-grating measurements with crystal meas. 
urements of X-ray wavelengths. The latter method is more direc! 
and will be used. The following values of V' sin @ are available fo, 
calcite. 


aera arate eens ae 2031.5 


weeem............-.-.- 
Duane, Palmer, and Yeh 


Putting d=3.0356 and the above values of V’ sin @ into eq 16, we get 
the corresponding values of h/e listed in table 6. Schaitberger, on 
the other hand, used a rock-salt crystal, taking d=2.814. He 
expressed his result as h/ea=1.3743 on the basis of the absolute volt, 
e=4.774, and c=2.99774, where a is the factor which converts the 
conventional d to true d. The simplest way to get h/e from this is 


to put 
— 
4.800 
aaa) eM =1.0018, 


whence h/e=1.3768. Kirkpatrick and Ross have characterized 
Duane’s result as too high and Wagner’s as too low. They apply 
corrections to make the former 2034.6 but do not correct the latter. 
It seems advisable to take each result as reported, as it makes very 
little difference in the result sought here. 

To get h/e from the Rydberg number, R&., we use the equation 


h a al 

e VR.ce/m an 
The value of R.j is 109737.4 [11], and, on the basis of the selected 
values of e and c, h/e is simply a question of the numerical value o/ 
e/m. However, Birge [82] has recently published a review of 1) 
determinations of e/m and concludes that the best derivable value js 
1.7591 X10? (emu)g™, or 5.273 X10" (esu)g@!, on a basis substantially 
equivalent to the one used in this paper. Dunnington [67] arrives at 
the value 1.759010’ (emu)g~'. Inasmuch as the highest and the 
lowest of the 10 values listed by Birge yield values of h/e differing by 
less 0.1 percent, it is evident that the value of h/e from equation 17 
is largely dependent on and not much more accurate than the value 
used for e. For this reason it should not be given as much weight 
as would be the case if a more accurate value of e were available. 
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Gnan reported h/e as 1.374, but points out that his result depends 
» the value of e. He then states that his explicit result is h/e*?= 
: 758107, which is independent of his crystal constant. From this, 
; »-.4800 X 1.758 X107!7= 1.3765 X10-". Unfortunately, Von Frie- 
en's Uppsala dissertation is not available to the writer, but Von 
Friesen [57] himself gives his result for h as 6612/6610 of that of Gnan. 
From this we obtain h/e=1.3769 for Von Friesen’s work. 

' Eddington’s theoretical value of 1/137 for the fine structure con- 

ant is listed as a matter of interest. The mean obtained from the 

igta listed in table 7, however, does not include this value, although, 

asq matter of fact, the mean is not appreciably changed if this value 

is included. 

TapLe 7.—Summary of values of h/e, in erg sec (esu)~! and the corresponding values 
of c,1n cm deg 





Method Determi- | pjex107 Weight 








1. 3753 1, 4344 
1. 3745 1. 4336 
1. 3758 1, 4350 
1. 3787 1. 4380 
1. 3767 1, 43.59 
(1. 3783) (1. 4376) 




















It might be pointed out that according to Bond [86], all experi- 
mental determinations of e/m are in reality determinations of (136/137) 
+m). On Bond’s theory the value of c, from the Rydberg number is 
reduced by about % percent, or, in this case, from 1.4380 to 1.4344. 

Perhaps it should also be mentioned that Anderson [87] on the 


1 . 


basis of a pseudo-frictional effect between light quanta has deduced 


the relation 
xr? 4 all e2p 
ol an “D7r2.4 
90) ~375%e4 


=1.0lo (from eq. 10) 


This theory was apparently devised to explain discrepancies between 
experimental values of \,, 7’ and o which have disappeared with the 


abandonment of the old value of e. 


VIII. SUMMARY 


All of the experimental data available have been used to derive 
values ofc. This was merely a matter of choice, and the same data 
can be used in each case to calculate values of the other radiation 
constants. For example, the relation between \,,7' and c, is exact. 
Similarly, the values of o and ¢, listed on page 392 have been calcu- 
‘ited from ¢,. The values of c, from various sources are summarized 
in table 8, and the final mean value of c, there recorded will yield 
values of the other radiation constants which embody all the experi- 
mental data which have been considered. 
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TABLE 8.—Summary of values of cz from all sources 





- ces 
Source | c¢sincm deg 
| 


Sy (SSRs | 1.4361 +0. 0050 
a Se ee 1.4368 + .0040 
Optical pyrometry | 1.43864+ .0020 
Atomic constants-.. 1.4358 + .0015 





Weighted mean... 1. 4362 -L0. 001 
Mean deviation -- 0. 0003 


It would seem that the probability is small that the true yy 
of c2 lies outside the limits 1.436 +0.001 em deg. The values ¢ of 
set of mutually consistent constants derived from all available dats 
are listed below. 

¢,= (3.732 +0.006) 10~> erg cm? sec™! 
C= 1.436 +0.001 em deg 
dh» /’= (2892 +2) 107* em deg 
vm/1'= (5890 +4)X107 deg sec™! 
=(5.70 +0.02)10~* erg sec™' em~? deg~* 
c= (2.9978 +0.0002) 10" em sec™! 
F= (2.8926 +0.0003) 10" (esu) mole”! 
7)-=273.16 +0.02 deg 
R=(8.3142 +0.0010) x 10’ erg deg™! mole“! 
k= (1.378 +0.002) x 10~-"* erg deg™! 
-(4.800 +0.004) x 107" (esu) 
p= 1.00048 
q 0.99986 
pq = 1.00034 
h=(6.61 +0.01)X10-” erg sec 
h/e=(1.377 +0.001) X 107" erg see (esu)7! 
e/m= (5.273 +0.002) 10" (esu) g™ 
M=Least mechanical equivalent of light=(151 +1)X107-5 watt 
(“new” lumen)7! 

Calcite-grating space= (3.0356 +0.001) 1075 em. 

Fine-structure constant (reciprocal= 137.0 +0.2). 

The writer has attempted to handle the data in such a manner as 
to secure results which reflected his own personal opinions as little as 
possible. An attempt has been made to avoid criticism by refusing 
to assign weights to published results or to apply corrections not 
pointec d out by those who reported the original results. The practice 
of weighting values by different observers in the inverse ratio of the 
uncertainties which the observers attach to their own results seems 
very questionable one. 

In conclusion, it may be of interest to say something about the leas 
mechanical equivalent of light, M. This is not a constant in tie 
ordinary sense because it is not fixed by the units of length, mass. 
time, and luminous intensity but inv olves, in addition, the phiysio- 
logical and psychological characteristics which are arbitrarily assigned 
to some hypothetical individual designated as standard, that is, the 
so-called “ICI standard observer.” In the past a determin ation 0 of 
M has been merely a matter of determining the luminous intens! 
of a black body at some measured temperature and then esti 
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if on the basis of ¢,, ¢ or ¢, and the selected standard observer. In 
terms of the present “International candle, 1 cm? of a black body at 
-e freezing point of pure platinum emits 58.9 z, or 185.0 +0.2 inter- 
-ational lumens [88]. The freezing temperature of platinum is 
-» 5 on the international scale (c.=1.432). On January 1, 1940, 
ee system of photometric units 1s scheduled to go into effect. 
Tie numerical value of AZ, in terms of the “new” units, will increase 
yy approximately 2 percent, because on that date the luminous 
apission from 1 em? of a black body at the freezing point of pure 
slotinum becomes 60 x “new” lumens by definition. /, thereupon, 
socomes fixed by ¢2, o, and the standard observer (luminosity factors). 
» the basis of c;=3.732X10~ and c,=1.436, we have that the 
freezing point of platinum is 2043.8° K and that c2/2043.8=7.0261 x 


10-4, 'so that 
7.0261 
0 


vheré the values of Ly are the internationally accepted [80] luminosity 
fjctors deseribing the ICI standard observer and A =c,/607= 
10801077 erg sec! em? (‘‘new” lumen)~!. From this relation M is 
sund to be 1.508X10* ergs per ‘new’? lumen second, or 0.001508 
watt per “new” lumen. On the basis of c.=1.432, M=0.00157 watt 
ver “new’’ lumen, which is identical with the former value of 4/= 
00160 watt per “international” lumen. 
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PREPARATION AND PROPERTIES OF 
6-d-2-DESOX YGALACTOSE 


By Horace S. Isbell and William W. Pigman 


ABSTRACT 


sce of crystalline B-d-2- desoxygalactose, CsH,,0;, is described 

i its properties reported. It melts at 121° C and gives the pine-splinter and 
i: reactions for desoxy sugars. With Fehling’s solution the reducing 

eris abous that of dextrose, but with less alkaline reagents like Benedict’s 
ti educing power is less and varies widely with the boiling time. In 4- 
nt aqueous solution buffered with 0.001 N potassium acid phthalate, 8-d-2- 
esoxygalactose gives [a]$= +41 initially, decreases in 5 minutes to a minimum 
‘ .37, and increases thereafter to an equilibrium value of +60.5. The heat of 
tivation for the rapid mutarotation reaction is Jess than that of the slow muta- 
ation reaction. The proportions of the constituents responsible for the rapid 
n change with temperature more than the proportions of those which 
the slow reaction. The mutarotation of the new sugar shows that it estab- 

an equilibrium with an alpha pyranose modification and a labile substance. 


CONTENTS 


IT, Expe primental creche Soong 
Preparation of B- d-2-desoxy gals ictose 
2 Properties of B-d-2-desoxy galnctone. 
References 


I. INTRODUCTION AND DISCUSSION 


Our previous investigations [1, 2, 3, 4]' have shown that the con- 
igurations of the first five carbon atoms in the reducing sugars deter- 
ue in large measure the position of the equilibrium which is estab- 
lished | when the sugar is dissolved in water. The configuration of the 
rbon adjacent to ther ‘educing group influences in marked degree the 
properties of the sugar and the relative proportions of the alpha and 


hot 


eta isomers. It is therefore of interest to investigate the 2-desoxy 
cars In Which the second carbon is not asymmetric. 
i 1931 Levene and Tipson [5] reported the preparation of 2- 
Les tSOXyg alactose. This substance appeared to be suitable for our investi- 
ition because it is closely related to d-galactose, a sugar which had 
been carefully studied. We had on hand a quantity of galactal [6] 
om which we prepared desoxygalactose by the method of Bergmann 
ul Schotte [7]. The sugar was obtained as described on page 398 


by the following reactions: 


— 


Figures in brackets indicate the literature references at the end of this paper. 
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Aqueous 
H,SO, intermediate BaCO; | 
-a ee ester —— HOCH 


HOCH HOCH 
HC HO pe 
by,oH Hon 
Galactal B-d-2-Desoxygalactog 


Desoxygalactose, like galactose and other sugars which have Oppo- 
site configurations for the groups on carbons 4 and 5, is particularly 
suitable for studying the interconversion of the pyranose and furanose 
modifications [8]. 

Different configurations for carbons 4 and 5 cause large differences 
in the optical rotations of the pyranose and furanose modifications 
If carbons 4 and 5 are of different configuration, small changes jy 
the proportions of the pyranose and furanose modifications can |e 
detected by optical rotation measurements. The mutarotations o/ 
sugars which differ in the configurations of carbons 4 and 5 usually 
exhibit maximum or minimum values. When desoxygalactose is (is. 
solved in water the optical rotation decreases to a minimum and they 
rises slowly until a constant value is reached. The changes revea| 
that a more levorotatory modification is formed from the parent sugar 
at a relatively rapid rate, while simultaneously, a more dextrorotatory 
substance is formed at a slower rate. More than three substances 
may be involved in the equilibrium state but the optical rotations 
do not suffice to prove the presence or absence of more than three 
substances. The heat of activation for the rapid reaction is less than 
that of the slow reaction. Presumably the rapid change in optical 
rotation is caused by a reaction analogous to the rapid mutarotation 
reaction of galactose which we have shown [8] to consist primarily 
in an alteration in ring structure. The slower mutarotation appears 
to be analogous to the mutarotation of glucose and other alpha and 
beta pyranose interconversions. If it be assumed that the sugar is 
& pyranose (an assumption which is probably correct), the crystalline 
sugar is the less dextrorotatory member of the alpha-beta pair, and 
since the oxygen ring lies to the right the sugar is classified as the beta 
modification. The proportions of the various modifications in the 
equilibrium solution change with temperature so that an alteration in 
temperature results in a “thermal mutarotation.’”’ The composition 
of the equilibrium solution and the rates of reaction are being investi- 
gated further in this laboratory and will be treated more fully ina 
subsequent publication. 


II. EXPERIMENTAL PROCEDURE 
1. PREPARATION OF £-d-2-DESOXYGALACTOSE 


Fifty grams of pure crystalline galactal was dissolved at 0° C in 
700 ml of 5-percent sulfuric acid. The solution was allowed to 
stand overnight at 0° C. On the following day, 120 g of barium 
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sarbonate was added. The mixture was heated with mechanical 
giring to 60° C and kept at this temperature during working hours 
tor about 1 week. Additional barium carbonate was added from time 
.) time so that in all about 200 g was added. The excess barium 
sgrbonate was separated on a filter and the filtrate was boiled down 
.q thick sirup, which was taken up in about 50 ml of absolute ethyl 
ohol. During the following night, crystallization occurred spon- 
neously. ‘The erystals were separated and the mother liquor was 
evaporated in a desiccator over calcium chloride to give a second 
oop of crystals. The yield of crude desoxygalactose was 40 g. 

The crude sugar was dissolved in water and after the addition of a 
gnall quantity of decolorizing carbon it was evaporated in vacuo to a 
‘hick sirup, Which was diluted with three volumes of methyl alcohol 
and seeded with crystals from the first preparation. The resulting 
crystals were collected on a filter and washed with methyl alcohol and 
ined at room temperature over calcium chloride. 


2. PROPERTIES OF §-d-2-DESOXYGALACTOSE 


a) Melting point.—120° to 121° C. 

(b) Analysis—Caleulated for C,H,205: C, 43.90; H, 7.37. Found: 
C. 44.05; H, 7.35. 

c) lodine titration.—During titration of the sugar by the method of 
Kline and Acree [9], 0.1683 g of the sugar consumed 21.74 ml of N/10 
iodine solution; CgsH,.0; requires 20.50 ml. 

(d) Qualitative tests for desoxry sugars [10].—A pine shaving impreg- 
nated with a solution of the sugar and exposed to warm vapors of 
aqueous hydrochloric acid gives the dark green coloration character- 
istic of desoxy sugars. 

A very dilute solution of the sugar dissolved in acetic acid con- 
taining ferric sulphate carefully poured over sulfuric acid containing 
feric sulfate gives a violet ring which fades into reddish-brown in 
the lower part of the tube. This reaction, which is sometimes called 
the digitoxin reaction, appears to be characteristic of 2-desoxy sugars 
(10). 

e) Copper-reducing value-——By the Munson and Walker method 
(1l] 60-mg samples of the sugar gave 131.4, 131.2, and 131.2 mg of 
CuO, and a 30-mg sample of the sugar gave 66.3 mg of Cu,O. It 
requires 57.3 mg of dextrose to give 131.2 g of Cu,O and 28.4 mg of 
dextrose to give 66.3 mg of Cu,O. Consequently, the reducing-power 
factor for the larger sample of desoxygalactose equals 57.2/60, or 0.95. 

In copper solutions buffered with carbonates the sugar is oxidized 
very slowly and gives low reducing values unless the period of boiling 
is extended beyond the usual time. With Scales’ method [12] for 
determining the cuprous oxide and using boiling periods of 6, 10, and 
liminutes, 20-mg samples of the sugar give cuprous oxide equivalent 
to 8.67, 13.57, and 17.32 ml of 0.04 N iodine, respectively, for 6-, 10-, 
ind 15-minute boiling periods. With a modified Scales method, 
using a 6-minute boiling period, it requires only 9.3 mg of glucose to 
give cuprous oxide equivalent to 8.67 ml of 0.4 N iodine. Hence by 
‘iis method the relative reducing value of desoxygalactose equals 
320, or 0.46. The original Scales method calls for a boiling period 
ifonly three minutes, at which time desoxygalactose has only begun 
to reduce the copper reagent. 


t 


{ 
4d 
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(f) Optical-rotation measurements.—The optical rotations as record 
in tables 1, 2, and 3 were measured in a 4-dm water-jacketed glass ty 
on a Bates saccharimeter. The equilibrium specific rotation was 
determined on separate s samples at the concentration and temperaty 
used in the mutarotation measurements. The velocity constants 7 
equations representing the optical rotations were calculated by 
method described by us on page 156 of reference [1]. The equations 
showing the specific rotations were obtained from the equations 
expressed in sugar degrees by multiplying the latter by the ratig ,/ 
the equilibrium. specific rotation to the equilibrium rotation as ob}. 
served in sugar degrees. 

The heats of activation were calculated by the Arrhenius equa 
tion,’ using mutarotation constants obtained from the measurements 
in aqueous solutions buffered with potassium acid phthalate. The 
value (10,700) obtained for the more rapid reaction resembles the ayer. 
age (13,200) previously found for the rapid mutarotations of gala. 
tose, talose, arabinose, and ribose, while the value (15,650) obtain 
for the slow reaction resembles the average (16,900) [1, p. 165] preyi- 
ously found for the interconversion of the more common aly], 
and beta pyranose sugars. The activation constants correspond to z 
temperature coefficient * kys5/k2; of 1.80 for the more rapid reactioy 
and 2.35 for the slow reaction. 


TABLE 1.—Mutarotation of B-d—2—desorygalactose at 20° C 





4gin 100 ml of 0. 001 N potassium acid phthalate solution (pH =4.4) | 
S=—18.2X 10>-0954#+-9.0 X 107-106#4-28.26. 
{a |p%=—39. OX 10~-9254¢+4-19,.3 K 10--1% ++ 60.5, 
[a] p*°= +40.8 initially; +60.5 at equilibrium. 





Time Deviation | 
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reading | mi X10 
| 





| | 
Minutes Ss | 
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60. 60 
23 hr. 








Average___| 








ky ( 
9 2.3026 log— = ———[( —-—— 
OF, 10808\ 7 Ti ’ 
The heat of activation, Q, obtained from the mutarotation coefficient is an empirical constant. 


3 Log kss/kas™ Q/42,111 





B-d-2-Desorygalactose 


TABLE 2.—Mutarotation of B-d—2-desoxygalactose 
at 0.2° C 





4g in 100 ml of 0.001 N potassium acid phthalate solution. 


°S=—16.72x10--008596-+- 5, 20x 10--0978t-+ 31.06. 
(ex)? = —36.4x10--00359t-+- 11.3x10--0278t-4-67.6. 
{a}°;? = +-42.5 initially, +67.6 at equilibrium. 





m;x108 | Deviation | m2x108 
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reading 





Minutes 


. 62 . 84 
3. 56 +18. 51 
8. 73 8. 46 
. 50 -18. 50 
3. 73 8. 43 
5 
5 . 50 


51 
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146. £ 
185. ¢ 
244 
295. 
331. ¢ 
24 hr. 








Average 





TasLE 3.—Mutarotation of B-—d-2-desoxygalactose 
ait 20° C 





4 gin 100 ml of water.! 


°S= —16.7x10--0285¢-4-7,0x10--198-4-27.1, 
[a]20 = —37.3x10~-0265!-415.6x10--105-460.5. 
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: ed mx 108 | Deviation } max10! 
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60. 36 
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1 Ordinary distilled water. 
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The authors express their appreciation to Clement J. Rodden, ¢: 
this Bureau, who made the microanalyses on the sugar. 7 
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ACTION OF BAKER’S YEAST ON d-TALOSE 
By Horace S. Isbell 


ABSTRACT 


; is shown that baker’s yeast does not acquire the property of fermenting 
e by growing On galactose- and talose-containing media. 


CONTENTS 


1. Introduction 
1], Preparation of yeast- - - --- 
i] Action of the ‘‘galactose yeast’’ and the ‘“‘talose yeast’”’ on solutions of 
glucose, galactose, and talose 


I. INTRODUCTION 
The four hexoses, d-glucose, d-mannose, d-fructose, and d-galactose 
are fermented by yeasts. Kinetic studies, made with different yeasts 
and different temperatures have shown that glucose, mannose, and 
uctose are fermented with approximately the same readiness. Many 


vest: which ferment glucose are without action on galactose and the 
temperature coefficients and properties of the fermentation of galactose 
show that it is different from the fermentation of glucose. If the 


tothe rapid formation of a common intermediate substance during the 
fermentation, one might anticipate that d-talose, which is epimeric to 
i-galactose, would be fermented by the same yeasts which act on 
galactose. It is reported, however, that d-talose is not fermentable. 
This important observation was made with crude talose solutions 
before crystalline talose was available. Since a quantity of pure 
crystalline d-talose had been prepared in this laboratory,’ it seemed 
desirable to reinvestigate the subject. 

Yeasts which do not ordinarily ferment galactose acquire the prop- 
ry of fermenting it by growth in a galactose-containing medium. 
In order to ascertain whether or not a talose-fermenting yeast could be 
obtained by growth in a talose-containing medium, a series of fer- 
mentations with baker’s yeast was conducted under conditions similar 
to those which Kirby and Atkin ? found suitable for the preparation of 


Braun and O. Bayer, Ber. deut. chem. Ges. 58, 2215 (1925). E. Fischer and H. Thierfelder, Ber. 
m. Ges. 27, 2031 (1894). 
. Pirman and H, 8, Isbell, J. Research NBS 19, 189 (1937) RP 1021. 
irpy and L, Atkin, J. Biol. Chem. 116, 511 (1936). 
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galactose-fermenting yeasts. The results were negative so far as +), 
production of a talose-fermenting yeast is concerned. Even 9s 
growing three generations in the presence of talose, the yeast did »,; 
appear to have talose-fermenting properties. 7 


II. PREPARATION OF YEAST 


Ten-milliliter portions of a solution containing 2.5 g of glucose. 92>. 
of galactose, and 1.5 g of yeast extract in 100 ml of water were place; 
in test tubes and sterilized by heating for 30 minutes in a steam 
autoclave at 110° C. This sterile solution is hereafter designed 9: 
the galactose medium. A sample of baker’s yeast (Fleischmann: 
was introduced into one of the test tubes containing the galactos 
medium and the mixture was incubated at 30° C. After 2 days the 
yeast was separated and introduced into a second tube containing 
10 ml of the galactose medium and incubated again for 2 days, after 
which the yeast was transferred to a third tube containing 10 ml of 
the galactose medium and incubated a third time. The resulting 
yeast was decanted and washed with sterile water. This product wes 
the “galactose yeast” used in the experiment reported in table 1, 

A sterile solution containing 2.5 g of glucose, 2.5 g of d-talose, an 
1.5 g of yeast extract in 100 ml of water was prepared and the process 
used for growing the galactose yeast was repeated with this solution 
as a medium. The growth of yeast was smaller than that obtained 
with the galactose medium, but appeared healthy. The product thus 
obtained was designated ‘‘talose yeast,’’ even though it does not appear 
to have any talose-fermenting property. 


III. ACTION OF THE “GALACTOSE YEAST” AND THE 
“TALOSE YEAST” ON SOLUTIONS OF GLUCOSE, GALAC. 
TOSE, AND TALOSE 


The galactose and talose yeasts obtained as described in the preced- 
ing paragraph were divided and introduced into solutions of glucose 
galactose, and talose containing 2.5 g of glucose, galactose, or talose, 
and 2 ml of a nutrient solution per 100 ml. The nutrient solutio: 
contained 2.5 g of NH,NOs, 0.3 g of KH,PO,, and 0.25 g of MgS0- 
7H,O per 100 ml. The solutions were incubated at 30° C and from 
time to time 10-ml portions were separated for optical-rotation meas- 
urements Before reading the samples the solutions were clarified by 
treating with 10 mg of normal lead acetate. After the samples stoo: 
for 2 hours at 20° C, they were read on a Bates’ saccharimeter ins] 
2-dm tube. 

Although both yeasts fermented glucose and galactose, neither 
yeast fermented d-talose. The galactose-fermenting property of tlie 
“talose yeast’? was not necessarily acquired because the omginal 
baker’s yeast had a small galactose-fermenting capacity. After the 
fermentation had been allowed to continue for 15 days, nearly all o! 
the talose was reclaimed in the crystalline state from the residue: 
liquors. 
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Tees 


r,pip J. Action of yeasts on solutions of d-talose, d-galactose, and d-glucose at 80°C 











d-Talose | d-—Galactose d-Glucose 
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Time Optical Optical Percentage | 
| rotation in | rotation in| of sample | 
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ueAT AND FREE ENERGY OF FORMATION OF WATER 
AND OF CARBON MONOXIDE * 


By Frederick D. Rossini 


ABSTRACT 


rmodynamie data were combined to yield values for the heats and free 
es, per mole, of the following reactions, with each substance in the thermo- 
c standard state: 
r) 4-1/200(g) = H2O (liq), AH 293.146 — 285,795 +40 int. j (—68,318.1 +9.6 
F —237, 163 +47 int. j (—56, 692.8 +11.2 cal); 
“Hi, 00(g), AH° 95 16= 44,007 +13 int. j (10,519.7 +3.1 cal), AF oa 16= 
7 +4in 2055. 1 +1. Ocal): 
r) +] 30, g) = H,0(g), AH? 29¢.16= — 241, 788 +42 int. j (—57,798.4 +10.0 
s-= — 228,566 + 47 int. j (—54, 637.7 + 11.2 cal); 
| 202(g) = CO2( 8), AH®, 298. 16== — 282, 942 +120 int. j (—67,636.1 + 28.7 
«= — 257,069 + 121 int. j (—61,451.2 +29. 0 cal); 
pl hite) +1/202(g) =C O(g), AH 293 19 = — 110,413 + 129 int. j (—26,393.8 
AF’ 208 i= — 137,158 + 133 int. j (—382, 787.0 +31. 8 cal); 
H(g -CO =H,O(g)+C ‘ec AH? x9 16 41,154 +127 int. j (9837.7 +30.4 
ca APP 8 38, 504 4130 int. j (6813.8 +31.1 cal); 
C (e, grs phite +C O.(g) = a4 8. CO1e), AH? gs == 172,529 +244 int. j (41,242.3 
+58 ‘cal , AF ogg 165= 119,911 +248 int. j (28,664.2 + 59.3 cal). 


CONTENTS 
I. Introduction. -- ~~~ : est beh : 
ll. Sources of the data; calculations__.__---_-__- ete 
1. Values of (dH/dP) r- 
2. Heat, entropy, and free energy of vaporization of water. 
. Values of entropies. : - Berge oe een eee 
. Values of H° 292 .16 — [],° ima ate ap Seen hae ee 
Heat and free energy of formation of water 
. Heat and free energy of combustion and formation of carbon 
monoxide sa 


a W ater-gas and producer- -gas ‘reactions.________- 


Re ferences 
I. INTRODUCTION 


This report presents values for the heat and free energy of forma- 
of water and carbon monoxide and for the heat and free energy 
af rhe water-gas and producer-gas reactions. Values for these ther- 
yhamic quantities were calculated from calorimetric data on the 
eats of combustion of hydrogen, carbon, and carbon monoxide and 
appropriate other new data on the entropies of the various substances 
involved, on the heat of vaporization of water, and on corrections to 
the ideal thermodynamic state. 


eS 
‘ Presented before the Division of Physical-Inorganic Chemistry at the meeting of the American Chemical 
“oety In Baltimore, Md., April 3-7, 1939. 07 
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For each reaction entirely in the gaseous phase, there was first ¢,). 
culated from calorimetric data the value of AH°20g 4, which is th: 
value of the change in heat content associated with the given reactio, 
at 25° C, with each reactant and product in the ideal state of seit 
fugacity (1 atmosphere).’ Then from the entropies of the varioys 
gases, Which have been evaluated statistically by various investigatoys 
from spectroscopic and other molecular data, there was calculated the 
value of AS°25.18, Which is the change in entropy associated with th 
given reaction at 25° C, with each reactant and product in the ide! 
state of unit fugacity. These values for the change in heat content 
and entropy were then combined by means of the relation 

AF=AH— TAS 
to yield the value of AF°s.1,, which is the change in free energy, 
associated with the given reaction at 25° C, with each substance jy 
the selected standard state. 

To each value reported there is attached an estimate of the uncer. 
tainty. Where possible, this uncertainty was evaluated by a metho« 
previously described [2];? in other cases conservative estimates o{ 
uncertainty were made. 

The unit of energy used is the international joule, determined by 
standards of electromotive force and resistance maintained at thi 
Bureau. Conversion to the conventional defined calorie was made 
by means of the factor 1/4.1833.. 

For conversion of the statistically calculated values of entropies 
and heat contents to the units of energy used in this paper, the value 
of the gas constant, R, was taken as 8.3145 + 0.0006 absolute j degree™! 
mole, or 8.3128 +0.0008 int. } degree! mole“, or 1.98714 + 0.00019 
cal degree! mole. (The derivation of the values of these constants 
will be discussed in a later report.) 


II. SOURCES OF THE DATA; CALCULATIONS 
1. VALUES OF (dH/dP)r 


In order to correct the values of AH obtained for 1 atmosphere tw 
values of AH with each substance in the standard state, there are 
required values of (dH/dP),; for the gases at 25° C and 0 to 1 atmos 
phere? 

For the gases (except water) involved in the present calculations, 
the values of H?=°—H?" at 25° C range from —0.5j/mole for //,(g 
to 41 j/mole for CO,(g). While the correction to zero pressure is not 
significant for hydrogen, and barely so for oxygen and carbon monox- 
ide, the correction was made for all the gases for the sake of consi 
tency. 

In table 1 are given values of H?-°—H?"! at 25° C for the gases, 
hydrogen, oxygen, carbon monoxide, carbon dioxide, and mixtures 0! 
oxygen and carbon dioxide. For hydrogen and carbon dioxide, the 
i were calculated by means of the Beattie-Bridgeman equation 
of state with the constants given by these authors [3, 4]. For oxygen 


1 Following Lewis and Randall [1], the superscript zero attached to a symbol denotes the selected therm 
dynamic standard state, and the subscript denotes the absolute temperature to which it applies. 

3 Figures in brackets indicate the literature references at the end of this paper. 

? The heat content of a gas in the ideal (hypothetical) standard state of unit fugacity of 1 atmosphere - 
the same as the heat content of the rea] gas at zero pressure. The standard state for a liquid or solids take 
as that of the real substance at a pressure of 1 atmosphere. 
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and mixtures of oxygen and carbon dioxide, the values were calculated 
rom the published data of Rossini and F randsen [5] on (dE /dP)p at 
>( and their unpublished data on the P-V—T7 relations of mixtures 


of poe and carbon dioxide [6], together with the temperature 


efficient given by the Beattie-Bridgeman equation of state for 
yversion to 25° C. For carbon monoxide, the value was obtained 
. entrap a of values of (dH/dP),r calculated from values of 
| T (dV/dT)p given by Deming and Shupe [7] for 100, 75, 50, 
ey - atmospheres. 

For H,O(g) at 25° C, the value of H?-°—H?=°°!” was taken as 
0) +1.0 j/mole, from unpublished calculations by C. H. Meyers of 
sureau. This value is substantially identical with that obtained 
by ext ipolating values of (dH/dP), for H,O(g) reported by ince; 
id Keyes [8]. The value for the vapor pressure of water at 25° C 

was taken as 0.031222 +0.00020 atmosphere [9]. 


a 
\ 


TABLE 1.—Values® of H?~°—H?=! at 25° C 


Substance | F]e@0 — F]r=! 


| 
| 


j mole 

—0.48 
38.06 
7.20 


Hia(g). < 








| 
| 8.06-+15.92-4 “17.443 
| 





» The uncertainty in these values is of the order of several percent. 
» The symbol z denotes the mole fraction of COs. 


). HEAT, ENTROPY, AND FREE ENERGY OF VAPORIZATION OF 


WATER 


The new calorimetric data of Osborne, Stimson, and Ginnings 
T' lorimetric data of Osborne, Stim 1G gs [10 


a Bs 
vield * for 


H,0 (liq) =H,0(g) 
AH 590322 — 43,985 +13 int. j mole. 


Conversion to the ideal standard state vields 


AF oog.16= 44,007 +13 int. } mole”. 
for the entropy of the process, 
AGSi ys (o3!?? = 147.521 +0.044 int. j deg mole. 
tor H,O(g) at 25° C and a pressure of 0.031222 atmosphere, 
Staeat— Srea1= 0.058 +0.002 int. } deg mole™, (6) 


rom unpublished calculations by C. H. Meyers. For the ideal gas at 
-) C, the entropy of compression to 1 atmosphere is 
sro! Sra0.on1222_ _ R In[1/0.031222 
. = — 28.817 +0.020 int. j deg"! mole’. (7) 
Combination of eq 5, 6, and 7 yields for the vaporization of water, 
according to eq 2, 
AS bos.16== 118.762 +0.048 int. } deg™ mole™. (8) 

‘I mole of water is taken as 18,0162 g [20]. 
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For H,O(g) at 25° C and a pressure of 0.031222 atmosphere, the 
unpublished calculations of C. H. Meyers yield : 


Faeat— Freat=4.7 +1.2 j mole~. g 
For the ideal gas at 25° C, the free energy of compression to 1 atmos. 
phere is 
Fea} _— Frew 0.031222 — BT |n[1/0.031222]= 8592.2 +3.0 int. j mole, (9a) 


For the vaporization of water at 25° C at its saturation pressure tho 
change in free energy is zero: 


AF E58s%=0.0 j mole~!. () 


Combination of eq 9, 9a, and 9b yields for the vaporization of water, 
according to eq 2, 


AF x8.16=8597 +4 int. j mole. 
3. VALUES OF ENTROPIES 


The values used for the entropies at 25° C are given in table 2 
where the sources are also indicated. 


TaBLE 2.— Values of entropies at 25° C, and of heat contents at 25° C referred to the 
absolute zero 





Substance S3os 16 F398 16-175 





| 
int. j deg! mole! | cal® deg-! mole-! cal® mole-! | 
eee eae 5.712 +0. 100 1.365 +0. 024 53. 2.5] 251.9 +3.0 | 
205.090 + . 49.026 = .010 | 8653. -0 | 2068.6 +0.7 | 
213.729 + . : 370. y 2240.0 +1.0 | 
197.958 + . e : 70. .0 | 2072.7 +0.7 | 
130. 644 + .02 5 . 00! .6 + 2.0 | 2093.9 + .5] 
188. 843 . 06: 5. 142 ON! 305. i 2367.9 +1.0 | 
| 


70. 081 - 08 PE, SOR Be OIG) sancwasnsensicleanocecesss-s 

















® The calorie is defined as 4,1833 int. j. 

» Unpublished value calculated by H. L. Johnston using the actual rotational levels instead of those ofs 
rigid rotator. The value obtained by adding to Gordon’s [:3] value of the entropy (calculated on the basis 
of a rigid rotator) the correction for rotational distortion evaluated by Wilson [24] is lower than the value 
calculated by Johnston by 0.038 j deg-! mole-!. 

© Calculated from eq 2 and 8 and the value for H20(g). . 

4 The values for the entropies and heat contents previously given [11] for CO: and 0+ differ (but not sign 
cantly) from those given in this table, because of the change in the value taken for the gas constant R. |! 
ever, no change occurs in the values of AS3$og_ 16, AF 39 16, and Al/§ previously given [11] for the formation 


of carbon dioxide from its elements. 
4. VALUES OF H°x.:6— H8 


For calculating values of AH3 from the values AH°29.;5, there are 
required values of H°5 .,—H§ for each of the substances involved 
in the reactions. These values and their sources are given in table 2. 


5. HEAT AND FREE ENERGY OF FORMATION OF WATER 


The data reported in 1931 [21] for the heat of combustion of hydro- 
gen, together with a correction (—3.6 j/mole in AH) to the ideal 
state of unit fugacity and a correction (—9.5 j/mole in AH) for the 
change in the molecular weight (to 18.0162 g) of water [20], yield for 


H,(g)+1/2 O.(g)=H,0 (liq) (11) 
AH x68 1g= — 285,795 +40 int. j mole. (12) 
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Combination of eq 2, 4, and 12 yields for 


H(g)+1/20,(¢)= H0(g) (13) 
AH x95 .16== — 241,788 +42 int. j mole™. (14) 


Combination of eq 1 and 14 with the entropies of H;(g), 1/2 O, (g), 
and H,O(g) yields for eq 13, the formation of gaseous water, 


A Fogg 19== — 228,566 +47 int. j mole™. (15) 


Combination of eq 2 and 10 with 13 and 15 yields, for eq 11, the forma- 
tion of liquid water, 


A F298 18== — 237,163 +47 int. j mole™. (16) 


§, HEAT AND FREE ENERGY OF COMBUSTION AND FORMATION 
OF CARBON MONOXIDE 


The data reported in 1931 [22] * for the heat of combustion of carbon 
monoxide, together with a correction (25.2 j/mole in AH) to the ideal 
state of unit fugacity and a correction (—64.3 j/mole in AH) for the 
change in the molecular weight (to 44.010) of carbon dioxide (which 
determined the amount of reaction) [20], yield for 


CO(g)+1/20,(g) =CO,(g) (17) 
AF x98 19= — 282,942 + 120 int. J mole™. (18) 


The correction of the observed value of AH at 1 atmosphere to that 
at zero pressure was made in the following way. Examination of the 
calorimetric data on the heat of combustion indicated that the reaction 
which actually occurred in the calorimeter, on the average, was 


CO (g, 1 atm)+0.89 O,(g, 1 atm)=(CO,+0.39 O,)(g, 1 atm). (19) 


To the value of AH (—-282,967 +120 int. j/mole of CO,) observed for 
this process were added the values of AH (—7.2, —7.2, and 39.6 j, 
respectively) associated with the following three processes: 


CO (g, 0 atm)=CO (g, 1 atm), (20) 

0.89 O, (g, 0 atm)=0.89 O, (g, 1 atm), (21) 
(CO,+0.39 O.) (g, 1 atm)=(CO,+-0.39 O,) (g, 0 atm). (22) 
Combination of eq 18 and the entropies of CO (g), 1/2 O, (g), and 
a with eq 1 yields for the combustion of carbon monoxide, 
© AF i949 257,069 £121 int, j mole~ (23) 


In a previous report [11] there was given for 
C (c, graphite) +0, (g)=CO, (g) (24) 
AH 299.18= —393,355 +46 int. } mole (25) 
AF °o98.16== — 394,228 +58 int. j mole}. (26) 


anate three other modern determinations of the heat of combustion of carbon monoxide, by Awbery and 
Jriffiths (25), Fenning and Cotton [26], and Roth and Banse [27], vield values in accord with eq 17 and 18 


rarenes estimated limits of uncertainty, namely, +480, +210, and +840 j/mole, respectively. See 
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Combination of eq 18, 23, 25, and 26 with 17 and 24 yields for 
formation of carbon monoxide from its elements in their sts ind 
states 


C (ce, graphite)+1/2 O, (¢g)=CO (g) 
AH x9¢.1g== — 110,413 +129 int. j mole! 
AF 098.16 — 137,158 +133 int. j mole~’. 
7. WATER-GAS AND PRODUCER-GAS REACTIONS 


Values of the heat and free energy of the water-gas reaction ; 
be obtained by combining eq 13, 14, 15, 17, 18, and 23: 


H, (g)+CO, (g)=H,0 (g)+C0 (2) 
AFP o09.16¢= 41,154 + 127 int. j mole7! 


AF °o9¢.18== 28,504 +130 int. } molen!. 


Similarly, from eq 17, 18, 23, 24, 25, and 26, there is obtained for 


the producer-gas reaction 
C (ec, graphite) +CO, (g)=2 CO (g) 
AF o95.148= 172,529 +244 int. } mole 
AF o¢-16= 119,911 +248 int. j mole7! 


III. SUMMARY 


A summary of all the values of AH°b95.;5 and AF 29.15 18 given i! 
table 3, together with values of AH3, calculated from the values of 
AA o5.1, and the appropriate values of Hs9s.43— H% from table 2 





4] 
T the 


odynamic values 


of therm 


w 
a) 
8 
= 
=) 
“=~ 
= 
~d 
2 
~ 
x 
a) 
~ 
= 
= 
8 
~ 
Sy) 
~~ 
Ss 
baa 
= 
> 
5 
nN 
& 
—~ 


, 


f ree E 


“(QUT SesI'p se 


peuyop SI alOTBo ayy, « 





SII € 646 ‘t6— 
F'SeF 8 ‘RRC ‘bE 
FOS 0199 6 
T18F 2 ‘O81 ‘Z2— 
L'8StF 1692 ‘99— 
0 ‘OIF O “S01 ‘LS— 


1-710UL 9]D9 


| 
| 
| 


StF 
FIG 
LOI 
ofI- 
OZ 1-F 


|..2e> 


S10 ‘e62— 
Z19 ‘SOL 
SIF ‘OF 
£02 ‘E1Tl— 
QTE ‘6Z2— 


006 “Sez ms 


70UuL f “put 


‘69 ‘9g _ 


[-9]OUL =] D2 


SOF 8zz ‘b6E— 

StZF 116 ‘6IT 

OSI-F FE ‘8z 

Clie Sal *LeI— 

IZI¥F 690 ‘28%— ‘ 

LE 99S ‘87z— ‘OI- 1 ‘29— 
t+ L698 ; L°6I¢ 
LY EOI ‘LeZ— 5 "SIE ‘89 

1-9j)0uL f *2Ut 1-3]0UL w)D2 


CoV 


sanjzpa dvunufipouw43ay) fo fhavusuens 


9b+ ose 
FEOF 
LOI 
6zIF 


~===-==" (3)2Q 9 = (3)6O-+ (a11ydeid ‘9)O 
““=""(2) OO Z=(3)tOOF+ (ontydels ‘0)9 


3) 0% 


I+ (3)0°H =(3)'900+(4)§H 
=(3)Q 2/I+ (oq1ydels ‘0)O 
“(3)200=(3)O @/I1+@)00 


= (NOE = (3)EO 2/1+ (@)tH 


: (3) O88 = (DID OFH 
(b1p of H= (3)80 2/i+(3)*H 


UOTJORI 





414 Journal of Research of the National Bureau of Standards 


IV. REFERENCES 


[1] G. N. Lewis and M. Randall, Thermodynamics and the Free Energy ;; 


© OID Or GH bo 





o 


(11 


{12 





{13 


[14] 
[15] 








Chemical Substances (McGraw-Hill Book Co., New York, N. Y,. [999 
F. D. Rossini, Chem. Rev. 18, 233 (1936). ae 
J. A. Beattie and O. C. Bridgeman, Proc. Am. Acad. Arts Sci. 63, 229 () 99. 
J. A. Beattie and O. C. Bridgeman, Phys. Rev. 32, 699 (1928). . 
F. D. Rossini and M. Frandsen, BS. J. Research 9, 733 (1932) RP503. 

E. W. Washburn, BS. J. Research 10, 525 (1933) RP546. 

W. E. Deming and L. E. Shupe, Phys. Rev. 38, 2245 (1931). 

8. C. Collins and F. G. Keyes, Proc. Am. Acad. Arts Sci. 72, 283 (1938). 
N. 8. Osborne and C. H. Meyers, J. Research NBS 13, 1 (1934) RP69]. 
N.S. Osborne, H. F. Stimson, and D. C. Ginnings, Forthcoming paper j; 

J. Research NBS. a 
F. D. Rossini and R. S. Jessup, J. Research NBS 21, 491 (1938) RP114| 
C. J. Jacobs and G. 8S. Parks, J. Am. Chem. Soc. 56, 1513 (1934). 
H. L. Johnston and M. L. Walker, J. Am. Chem. Soc. 55, 172 (1933): 5: 

682 (1935). on 
L. S. Kassel, J. Am. Chem. Soc. 56, 1838 (1934). 

J. O. Clayton and W. F. Giauque, J. Am. Chem. Soc. 56, 2610 (1932): 57, 

5071 (1933). 

L. S. Kassel, J. Chem. Phys. 1, 576 (1933). 

H. L. Johnston and C. O. Davis, J. Am. Chem. Soc. 56, 271 (1934). 

W. F. Giauque, J. Am. Chem. Soc. 52, 4816 (1930). 

H. L. Johnston and E. A. Long, J. Chem. Phys. 2, 389 (1934). 

G. P. Baxter, O. Hénigschmid, and P. Le Beau, J. Am. Chem. Soc. 60, 737 

(1938). 

F. D. Rossini, BS. J. Research 6, 1 (1931); 7, 329 (1931). 

F. D. Rossini, BS. J. Research 6, 37 (1931); 7, 329 (1931). 

A. R. Gordon, J. Chem. Phys. 2, 65 (1934). 

E. B. Wilson, Jr., J. Chem. Phys. 4, 526 (1936). 

J. H. Awbery and E. Griffiths, Proc. Roy. Soc. (London) [A] 141, 1 (1933). 


R. W. Fenning and F. T. Cotton, Proc. Roy. Soc. (London) [A] 141, 17 (1933), 


W. A. Roth and H. Banse, Arch. Eisenhutten 6, 43 (1932-33). 
F. R. Bichowsky and F. D. Rossini, Thermochemistry of the Chemical 
Substances, (Reinhold Publishing Corp., New York, N. Y., 1936). 


WASHINGTON, January 20, 1939. 





co 


UJ, §. DEPARTMENT OF CoMMERCE NATIONAL BureAU oF STANDARDS 


RESEARCH PAPER RP1193 


Part of Journal of Research of the National Bureau of Standards, Volume 22, 
April 1939 





HEATS OF COMBUSTION OF TETRAMETHYLMETHANE 
AND 2-METHYLBUTANE 


By John W. Knowlton and Frederick D. Rossini 


ABSTRACT 


Measurements of the heats of combustion of gaseous tetramethylmethane 
(neopentane) and gaseous 2-methylbutane (isopentane) in oxygen, at 25° C and 
a constant total pressure of 1 atmosphere, to form gaseous carbon dioxide and 
liquid water, yielded the following values in int. kj/mole: tetramethylmethane, 
3516.03 +0.94; 2-methylbutane, 3528.03 +0.62. Converted to kilocalories by 
means of the factor 1/4.1833, these values become, respectively, 840.61 +0.23 and 
943.36 +0.15 keal/mole. 

Combination of these values with those previously reported from this labora- 
tory for normal pentane shows that, in the gaseous state at 25° C and 1 atmos- 
phere, the energy content of normal pentane is greater than that of 2-methyl- 
butane by 8.09 +1.08 kj, or 1.93 +0.26 kcal, per mole, and greater than that of 
tetramethylmethane by 19.59 +1.29kj, or 4.68 +0.31 kcal, per mole. 
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I. INTRODUCTION 


Only one determination of the heat of combustion of tetramethyl- 
methane (neopentane), that of Thomsen [1]! in 1886, and only one of 
the heat of combustion of 2-methylbutane (isopentane), that of Roth 


. ¥ . . . 
ind Pahlke [2]? in 1936, are described in the literature. An estimate 
rigures ia brackets indicate the literature references at the end of this paper. 
*See, however, the numerical value quoted in the Landolt-Bérnstein-Roth-Scheel Tabellen [3] from 
unpublished work of Roth and Macheleidt, which value was later withdrawn [4]. 415 
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of the heat of combustion of tetramethylmethane was made by ono o! 
the writers in 1935 [17]. Reliable values for these thermochemics 
constants are needed because of the present-day importance of ¢}, 
pentanes in the petroleum and synthetic chemical industries. This 
paper describes the calorimetric determination of the heats of ¢ ombus. 
tion of tetramethylmethane and 2-methylbutane. 


II. UNIT OF ENERGY AND MOLECULAR WEIGHTs 


The unit of energy employed in this work is the NBS internationy 
joule, based upon standards of electromotive force and _ resistance 
maintained at the National Bureau of Standards. The values jy 
terms of the fundamental unit are also converted to a conventions! 
defined calorie by means of the selected factor 1/4.1833, which js 
being used by practically all thermochemical laboratories jn ths 
country [5]. 

The molecular weights of water and of carbon dioxide are taken 9s 
18.0162 and 44.010 g/mole, respectively [6]. 


III. METHOD AND APPARATUS 


The calorimetric method employed in the present investigation has 
been described previously [7, 8, 9] and the reaction vessel was the same 
as that used in the experiments on ethylene and propylene [9]. 


IV. CHEMICAL PROCEDURE 


1. PREPARATION AND PURITY OF THE MATERIALS 
(a) TETRAMETHYLMETHANE 


The tetramethylmethane was prepared and purified in the chemical 
laboratories of the Pennsylvania State College under the direction of 
Frank C. Whitmore. The compound was synthesized and partially 
purified by Ewald Rohrmann, following the method described by 
Whitmore and Fleming [10]. Fraction 5 5, consisting of about 135 g, o1 
one-third of the synthetic material, had a freezing point about 1.5° ( 
below that of pure tetramethylmethane. The time-temperatur 
melting curve of this material indicated about 0.9 mole percent of 
impurity. The final purification of this fraction was accomplished 
by George H. Messerly and John G. Aston, who subjected it to frac- 
tional distillation in an all-glass, vacuum- -jacketed, rectifying column 
packed with single-turn glass helices. The distillation was conducted 
at a pressure of 400 mm of mercury, with a reflux ratio of 5 to ! 
Middle portions of about 39 g and 46 g were collected iene two 
separate distillations and combined to form the material sent to the 
National Bureau of Standards. From the results of vapor pressure 
measurements, and a knowledge of the estimated amount of impurity 
in the material before the final purification, Messerly and Aston, by 
comparison of similar data on different lots of tetramethylmethave 
previously prepared by Whitmore and his coworkers [10, 18], esti 
mated * the amount of impurity in the final tetramethylmethane to ! 
about 9.3 mole percent. 

To ascertain the ratio of carbon to hydrogen in the purified material, 
the authors performed a series of five combustion experiments, 1 


4 In a private communication to the authors. 
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which the masses of carbon dioxide and water (about 4 g and 2 g, 
respectively) were determined by a procedure previously described 
11,20, 8]. These experiments yielded, for 6/5 times the ratio of the 
umber of moles of CO, to the number of moles of H,O formed in the 
combustion, the average value 0.99999, with an uncertainty [5] of 
+9.00014, which ratio would be 1.00000 for pure tetramethylmethane. 
“From the results of these analyses, it may be concluded that the 
snal] amount of impurity in the tetramethylmethane contained carbon 
and hydrogen in a proportion not far from that in tetramethylmethane 
itself. Such an impurity would have, within the limits of accuracy of 
the present measurements, substantially no effect upon the heat of 
combustion as measured.* 


(b) 2.-METHYLBUTANE 


The 2-methylbutane was prepared at the Bureau International des 
ftalons Physico-Chimiques at Brussels, and its preparation and 
properties have been reported by Timmermans and Martin [19]. The 
purity of this material was ascertained at the National Bureau of 
standards by means of time-temperature cooling curves and by deter- 
mination of the ratio of carbon to hydrogen. 

The freezing point, determined with a platinum resistance ther- 
mometer, was found to be — 160.04 +0.05° C., which agrees well with 
the value —160.0° C reported by Timmermans [21], who also used a 
platinum resistance thermometer. From the time-temperature cool- 
wg curve, the amount of liquid-soluble, solid-insoluble impurity was 
estimated to be less than 0.1 mole percent. 

The ratio of carbon to hydrogen was determined, by the procedure 


previously described [11, 20, 8, 9], from 16 combustion experiments 
in which the masses of water and carbon dioxide collected were of the 
order of 2 g and 4 g, respectively. The average value found for 6/5 of 
the ratio of the number of moles of CO, to the number of moles of H,O 
was 1.00005, with an uncertainty [5] of +0.00016. 


(c) OXYGEN 


The oxygen (prepared commercially from liquid air) used for the 
combustion of the hydrocarbons was purified by passage through a 
tube containing copper oxide at about 600° C, and then successively 
through Asearite (a mixture of sodium hydroxide and asbestos), an- 
hydrous magnesium perchlorate, and phosphorus pentoxide. 


2. PURITY OF THE COMBUSTION REACTION 


The tetramethylmethane, previously dried by passage of the gas 
through anhydrous magnesium perchlorate, was burned in an atmos- 
phere of purified oxygen in the calorimetric reaction vessel [8]. In 
the products of combustion of the tetramethylmethane, no carbon 
monoxide was found in tests which would have detected an amount 
corresponding to about 0.00002 mole fraction of the total carbon.® 

Since 2-methylbutane is normally a liquid (boiling point 27.9° C at 1 
atm) at the temperature at which the experiments were performed, it 
was necessary to carry the hydrocarbon into the calorimetric reaction 
vessel [8] with an inert gas—helium in this case. The procedure, in 


sees for example, p. 40-41 of reference [20]. 
The tests for carbon monoxide were made by E. C. Creitz of the Gas Chemistry Section of this Bureau 
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general, was the same as that previously used for normal pentane |g) 
and methyl and ethyl alcohols [7]. The helium was first purified jy. 
mixing with it somewhat more than the amount of oxygen required rd 
burn all the combustible impurities, passing the gas through g ty), 
containing copper oxide at about 600° C, and then successively throy! 
Ascarite, anhydrous magnesium perchlorate, and phosphorus pent. 
oxide. The helium was then passed into a saturator, where it emerrs. 
in fine bubbles from a sintered glass plate into liquid 2-methylbutan. 
The saturator was kept at a temperature of 18° C, and the caleulota; 
composition of gas issuing from it was about 73 mole percent of 9. 
methylbutane and 27 mole percent of helium. This gas was the 
burned in an atmosphere of oxygen in the reaction vessel. In the experi- 
ments with 2-methylbutane, the products of combustion containo; 
carbon monoxide in an amount, on the average, corresponding ty 
about 0.00003, mole fraction of the total carbon. This necessitate 
a correction of +-0.003, percent to the observed mass of carbon dioxide 
to obtain the true measure of the amount of reaction, and also a cop. 
rection of +0.001; percent to the observed heat evolved in the calori- 
metric combustion experiments in order to obtain the heat whict 
would have been evolved had no carbon monoxide been formed. 
The purity of the ignition process was checked by running a series 
of ignitions and extinctions of the flame, in order to exaggerate creatly 
any abnormal effect, and then comparing the small masses of carbon 
dioxide and water formed. For both tetramethylmethane and 
2-methylbutane, the masses of carbon dioxide and water balanced, 
stoichiometrically, within the limits of error of the measurements. 


3. DETERMINATION OF THE AMOUNT OF REACTION 


In the experiments on tetramethylmethane, the amount of reaction 
was determined [7, 8, 11, 20] from the mass of water formed in the 
combustion, 1 mole (18.0162 g) of water being taken as equivalent 
to 1/6 mole of tetramethylmethane. In the experiments on 2-methy!- 
butane, the amount of reaction was determined from the mass of 
carbon dioxide (corrected, where necessary, as indicated above 
formed in the combustion, one mole (44.010 g) of carbon dioxide 
being taken as equivalent to 1/5 mole of 2-methylbutane. The change 
to carbon dioxide in the latter experiments was made because new 
data on the atomic weight of carbon [6] indicated that the molecular 
weight of carbon dioxide is now known with an uncertainty of not 
more than about +0.003 percent, and a significantly greater precision 
is possible because of the greater mass (over twice that of the water 
of carbon dioxide produced in the combustion.® 


V. CALORIMETRIC PROCEDURE 
1. ELECTRICAL-ENERGY EXPERIMENTS 


The data of the electrical-energy experiments for tetramethy!- 
methane are given in table 1, and those for 2-methylbutane are given 
in table 2. The various quantities have the same significance as In 
former reports (see p. 17 of reference [11] and p. 254 of reference [®)). 
The uncertainty,’ with regard to precision, of the average value from 

* See references [5] and [13] for further discussion of this point. 


7 _— estimates of uncertainty given in this paper are made according to the procedure given in refer: 
ence [5]. 
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of these two groups of experiments is +0.01, percent. Although 
stantia lly the same calorimetric system was used for both the 
hydrocarbons, the values of the electrical- -energy equivalent of the 
»jorimeter, given in tables 1 and 2, differ because, at the end of the 
axperimen ts on tetramethylmethane, and bef ore the experiments on 
.methylbutane, an ooneriaon necessitated repairs which changed the 
glass in the reaction vessel. 


nacs ol 


—Calorimetric results of the electrical-energy experiments for tetramethyl- 
methane 


| i . A 
|  Electrieal- : 
. P } ss saving 
Electri- Mas S of energy Devia 
r r 4 calor- tion 
K U cal : equivalent 
ov | imeter Ske sib ener from 
energy water of calorimeter méan 
system 3 





Min" Ohms Ohms Int.j g Int. si. ohm i/ohm 
3557 713 | 0.001940 | 0.007479 | 0. QOOS55 | 56, 589. ¢ 3530. 29 49, 943.4 7 
; .001947 | .007109 | .000501 | 58, 341. 3528. 32 149, 97 0. 7 
. 001947 . 007097 . 000768 | 5S, 241. ¢ 3529, 9¢ 149. 938. 9 
; . 001955 . 007443 | . 000813 | 58, 368. 3524. § 149, OSA. 4 
. 359261 . 001934 . 007345 , 000687 | 57, 092. 25. 36 149, 950. ¢ 


390371 . 001938 . 007233 . 000798 7, 374 3533. 8? 149, 902. 7 
. 891788 . 001949 . 007326 . 000831 27, 575. 3533. 149, 928. —7.3 
; 300643 . 001927 . 007261 . 000381 , 494. 534. 149, 941, 3 
39054 . 001924 . 007290 . 000645 7, 382. 531. 149, 928. ‘ 
. 001924 . 007221 . 000480 | 57, 306. 530. 77 149, 923. 1 


. 388890 . 001927 . 007301 . 000411 | 57, 188. 3533, 72 149, 877. 58.4 


























149, 935. ¢ +22. 4 





e temperature of the calorimeter was 24.94° C. for experime nt 1; 24.95° C for experiments 5, 
> C for experiments 6, 8, and 9; 24.97° C for experiment 7; 24. 99° C for experiment 3; and 
ments % and 4. 
e of electrical-energy input was 1,020.00 seconds in each experiment. 
00 g of water and an average temperature of 25.00° C. (See p. 416 regarding units.) 


Taste 2.—Calorimetric results of the electrical-energy experiments for 2-methyl- 
butane 





Electrical- 
energy 
equivalent 
of calorimeter 
system 3 


Devia- 
tion 
from 
mean 


Mass of 
calor- 
imeter 
water 


Electri- 
cal 
energy ? 





Min“ Ohms Ohms Int.j g Int. j/abs. ohm _ m 
0. 338380 | 0.001940 | 0 007485 | 0.000792 | 56, 99s. 5 149, 530. § 
. 410515 . 001941 . 007768 . 000543 | 69, 346. 1 149, 875. 4 

. B86512 . 001931 . 007560 . 000528 | 56, 783. 4 3534. § 149, 248. 9 
. 385815 | .001958 | .007483 | .090525 | 56, 632.4 149, 870. 8 
384567 . 001927 . 007515 . 000546 | 56, 506. 0 149, 844.7 


. 001934 . 007467 | .000594 | 56, 606. 3532. 149, 800. 4 
.001932 | .007575 | .900693 | 56, 457. ‘ 278 149, 855. 8 
. 001934 . 007572 . 000732 | 56, 459 2 149, 883. 8 
. 001919 . 007582 . 000558 | 56, 408. 149, 872.9 


























149, 853. 7 +19 


i 





he averas ge temperature of the calorimeter was 24.92° C for experiment 9; 24.93° C for experiments 5, 6, 
24.94° C for experiments 3, 4, and 8; 24.95° C for e xperiment 1; and 25.06° C for experiment 2. 
he t 0 ot ele ctrical-energy input was 1,020.00 seconds in each experiment. 
30.00 g of water and an average temperature of 25.00° C. (See p. 416 regarding units.) 
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2. CORRECTION EXPERIMENTS 


The process of ignition and extinction of the flame was checked 
as in the previous investigations, by performing a series of ignition: 
and extinctions of the flame, and making a thermal balance of the 
sources and sinks of energy, namely, the ‘‘reaction,” “vaporizatioy ” 
“gas,” and “ignition” energies, each of which was evaluated as before 
(11, 8, 9]. 

3. REACTION EXPERIMENTS 


The data of the reaction experiments for tetramethylmethane ar 
given in table 3. The average value of the heat of combustion fro), 
this series of experiments has an uncertainty (with regard to pre. 
cision) of + 0.024 percent. 

The data of the reaction experiments for 2-methylbutane are give, 
in table 4. The average value of the heat of combustion from this 
series of experiments has an uncertainty (with regard to precision) of 
+0.013 percent. 


TABLE 3.—Calorimetric results of the reaction experiments for tetramethylmethane 





| 
vee ri- . Mass 
cal-energy “Va- of e 
equiva |ugag “Tgni-| pori- | water —— of Avia 
lent of | tion” | za- |formed| CO™MDus- | ton 
calorim- | ®@°8| energy} tion’ | in the ae j ‘rom 
eter energy} reac- sit 
system 3 tion 


Experi- 
ment 
num- 

ber 





Int. j/abs. 
Ohms |Min- Ohms ohm 


j j j g 
_10. 38747310. 001927|0. 008018]0. 150,207} —3.4 5 4] 1. 75582 
. 400669) . 001954] .008529] . 150, 154] —5. ; . 5] 1.81706 
. 401127] . 001933} . 007440] . 150, 193 .1] 1.82224 
. 402122] . 001943] . 007688) . )} 150,101 : 29.9] 230. 2] 1.82532 
. 400458] . 001940) . 008055) . 149, 886 2.9} 1, 81281 


. 401858} . 001926) .607240) . 5 149, 890 -3.0 3. 206. . 82319 
. 401585} . 001932) . 006654) . 7 150, 197 5 23. > . 82598 
- 401609} . 001933) . 006 . 7 150, 259 5. £ 23. i. . 82871 
. 402761} . 001912) . : 149, 953 : 243.7) 1.82380 
. 402813} . 001930) . ‘ 150, 009) 2 2 


























Mean 











1 The average temperature of the calorimeter was 24.94° C for.experiment 1; 25.01° C for experiments 
2, 3, 5, 6, 7, and 9; and 25.02° C for experiments 4, 8, and 10. 
4 Includes the heat capacity of one-half the mass of liquid water formed in the reaction. 
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Tipe 4.—Calorimetric results of the reaction experiments for 2-methylbutane 





| | } | | 
} | | 4 

| Electri- | | | — | 

7 } ey, 

rns Va- carbon} Heat of | Devia- 
| dioxide} combus- tion 
formed | tion‘ at from 
in the 25°C =| mean 
reac- | 

tion § | 


| 
| “Gas” 
_ energy 


Igni-| pori- 
tion”’ za- 
jenergy! tion’ 
| | energy 

system 2 | 





| | Int. j/abe. 
Ohms | min-) | Ohms A 

0, 399703 /0. 001937 |0. 005638) 0. 

“400214| . 001952] . 006236 

"402146! .001969| . 005514] . 

"| °399143] .001940) .007268} . 

399971) 001944) . 004914) . 00 149, 996 


~ 


g Int. kj/mole | kj/mole 
3.69820]  3528.84/ 0.81 
3. 69991 3527.58) —.45 
3. 72322 3528. 19) 16 
3. 67844 3528. 66) . 63 
3. 70652 3527. 67/ . 36 


3. 68745 3528. 16 13 

3. 69336 3526.31} —1.72 

3. 69858 3528.56) 0.53 

3. 67060 3527.54) —. 49 

3.70584/ 3527.93} —.10 
| 


0.5) 253. 2} 3. 7 3528. 91) . 88 
| 


| 


oroen 


_| ,399866) .001923} .006469} . 149, 815 
-399844/ .001934| . 006187] . 149, 884 
400181} .001937} .005591) . 149, 820 
398234) . 001938] . 006723) . 149, 856 
400449) . 001924} . 005558) . 75} 150,010 








! 
© ROCSD COMMON 


I 
y on 


| 
490088! . 001927} .005261] . 000% 149, 988 




















ES Se Rie UE Oe Ot ee Oe TT Shanes ecbeknesaicasecwaeie ; 3528.03) +0. 57 





i The average temperature of the calorimeter was 25.00° C for experiments 6 and 9; 25.01° C for experi- 
ments 1, 2, 4, 5, 7, 8, 10, and 11; and 25.02° C for experiment 3. 

1 Includes the heat capacity of one-half the mass of liquid water formed in the reaction. 

‘Includes a correction of +0.0023 percent because of the presence of a small amount of carbon monoxide 
in the exit gases (see p. 418). 

‘Includes a correction of +-0.0013 percent because of the presence of a small amount of carbon monoxide 
in the exit gases (see p. 418). 


VI. RESULTS OF THIS INVESTIGATION 


The data of this investigation yield for the heats of combustion 
of tetramethylmethane and 2-methylbutane, according to the reaction 


C;Hi2(g) +802(g) =5CO2(¢) + 6H,0 (liq) (1) 


ut 25° C and a constant total pressure of 1 atmosphere, the values * 
shown in table 5. With these values are given the over-all uncer- 
tainties [5]. 


TABLE 5.—Results of the present investigation 


(Reaction: CsHi2(g)+803(g) =5C O2(g) +6H20 (liq)] 





Gas 


formula —AH at 25° C and 1 atmosphere 


Molecular | Heat of combustion 





. Int. kj/mole} kcal/mole } 
etramethylmethane._................-____- owee 3516.53+0.94.-...2- 840.61+0.23. 
?-Methylbutane..............- ~oooco-| Osh | 3523.0340.62.......} 843.3640.15. 


‘See p. 416 of text. 
'The value for the heat of combustion of tetramethylmethane given in tables 3 and 5 differs slightly 


‘~0.003) percent) from that reported preliminarily [12] because of the change in the accepted value for 
‘he molecular weight of water from 18.0156 to 18.0162 [6). 


182481—89—_4 
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VII. DATA OF PREVIOUS INVESTIGATIONS 
1. TETRAMETHYLMETHANE 


The literature contains only one previously reported determina, 
of the heat of combustion of tetramethylmethane, that of Thoms 
[1] in 1886. The tetramethylmethane “used by Thomsen was pro. 
pared by converting trimethyle: irbinol into tertiary butyl iodi le * 
treating the latter with zine methyl. From combustion ey pe iments 
in which the masses of water and carbon dioxide were dete rmined 
Thomsen calculated the molecular formula of two different prepa 
tions of the hydrocarbon to be C,Hy.73 and C;H,; 4;, respectively 
instead of the desired C,H». If the impurity was isobutene, this 
would indicate that the two lots contained, respectively, only about 
87.6 and 79.5 mole percent of tetrat nethylmethane. If the imy 


TETRAME THYL METHANE 2-METHYL BUTANE 
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Figure 1.—Plot of the various data on the heats of combustion of tetramethylmethans 
and 2-methylbutane. 


The scale of ordinates gives the heat of combustion, at 25° C and a constant total pressure of 1 at 
in international kilojoules per mole. The average v: alues, together with the estimated uncer 
(measured by the radii of the respective circles), are indicated as follows: T, Thomsen [1]; RP, Kot 
and Pahlke [2]; NBS, present investigation; X, value estimated for tetrameth ylmethane bs one of the 
writers in 1935 [17 


was a pentene, the mole percentage of tetramethylmethane would be 
even less. Thomsen performed four combustion experiments in lis 
constant-pressure flame calorimeter, using about 0.01 mole of hydro- 
carbon in each experiment. Making a reasonable correction for the 
amount of impurity, as Thomsen did, there is obtained from his data, 
for the heat of combustion of tetramethylmethane at 25° C ge 
atmosphere according to eq 1, the value AZ=—3539+13 int. kj, 
—846+3 keal, per mole. 

In 1935 one of the writers [17] estimated, by extrapolation of f the 
values determined in this laboratory for the heats of combustion | 
methane, ethane, propane, and isobutane, the value ~ the heat of 
combustion of tetramethylmethane, according to eq 1, to be AH 
= —3515.644.2 int. kj, or —840 441.0 keal, per mole. 

The various values for tetramethylmethane are shown in figure | 
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2. 2-METHYLBUTANE 


(nly one investigation on the heat of combustion of 2 -methylbutane 
described in the literature, that of Roth and Pahlke [2]* in 1936. 
hese inve stigators also used 2-methylbutane from the Bureau Inter- 
ational des Etalons Physico-C himiques at Brussels, and burned the 
‘rbon in the gaseous phase in a bomb at constant volume, 
st : ee it 0.006 mole of the hydrocarbon in each experiment. The 
ta from the three experiments of Roth and Pahlke yield AH 
_9599.7+38.6 int. kj, or —843.8+0.9 keal, per mole, for the heat 
ombustion of 2-methylbutane, according to eq 1, at 25° C and a 
ystant tote al pressure of 1 atmosphere. This value is calculated on 
» basis of the unit of energy, the molecular weights, and the method 
f estimating uncertainties used in the present report. 
The various values for 2-methylbutane are shown in figure 1. 


Ill. ENERGIES OF ISOMERIZATION OF THE THREE 
PENTANES 


mbination of the values given in table 5 with the corresponding 
DI previously reported for gaseous normal pentane [8, 13] yields di- 
ly the values of the energies of isomerization of the three pentanes 
aseous state at 25° C and a total pressure of 1 atmosphere. 
For this purpose, the v in previously reported for normal pentane 
is corrected, for the sake of consistency, by the factor 1.000033 to con- 
with the newly accepted molecular weight of water [6], the mass 
of which from the pro..ucts of combustion was used as a measure of 
ihe amount of reaction in the experiments on normal pentane. The 
value for normal pentane thus becomes 3636.12 +0.83 int. kj mole. 
lhe energies of isomerization so calculated for the three pentanes are 
civen in table 6, and indicate that, with regard to the energy content 
of the molecule in the gaseous state at 25° "C, the order of decreasing 
stability is tetramethylmethane, 2-methylbutane, normal pentane. 
While the values of the entropies of all three of the pentanes are not 
vet pag known, it can be estimated from the available data 
i, 15, 16, 18] that, when the entropies are taken into account, the 
ee energies of the three isomers will be in the same order of decreas- 
ing stability, although the differences will be relatively less. 


r ¢ 
ee 


The authors gratefully acknowledge their indebtedness to Frank C. 
Whitmore, John G. Aston, George H. Messerly, and E. Rohrman, of 
ihe Pennsylvania State College, for preparing and purifying the 
tetramethylmethane. 


TABLE 6.—Energies of isomerization of the three pentanes 


SH=AE at 25° © and a total pres- 


Reaction sure of 1 atmosphere 





, kj/mole kcal/mole 

n-Pentane(g) =2-methylbutane(g) ‘ —8.09 +1.08 —1.93 +0. 26 
m-Per tant g) =tetramethylmethane(g)........--...--.-------------- . —19. 59 +1. 29 —4.68 +0. 31 
?Methylbutane(g) = tetramethylmethane(g) —11. 500 +1.13 —2.75 +0. 27 








tnote 2 on p. 415. 
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| ETE JOD OF REDUCING THE. EFFECT OF - DISTURB. 
ANCE °S IN THE GALVANOMETER BRANCH OF A POTEN- 
TIOMETER CIRCUIT 


By Frank Wenner 


ABSTRACT 


rhe method described automatically eliminates the effect of a thermoelectro- 

tive force in the galvanometer branch and doubles the sensitivity of the 
alyanometer to a lack of balance of the potentiometer, thus reducing to half the 
afect of various types of electrical and mechanical disturbances. 


in the measurement of small electromotive forces by means of a 
potentiometer, disturbances in the galvanometer branch frequently 
jmit the accuracy attainable or increase the difficulties in obtaining a 
specific «daccuracy. These disturbances may be electrical or mec han- 
ae In addition, the ace uracy of the measurements may be limited 

the sensitivity of the galvanometer or by the optical system of the 


in anometer. Usually the most important disturbing factor in the 
vulvanometer and other parts of the galvanometer branch is a thermo- 
electromotive force. 

Under favorable conditions this thermoelectromotive force has a 
value in the range from +1 to —1 microvolt. When exceptional 
precautions are taken and an “all-copper circuit” galvanometer is 

ed, this electromotive force usually has a value in the range from 

.1 to —0.1 microvolt. Hf, therefore, the accuracy of measurement 
sto be of the order of 0.01 microvolt, something in addition to the 
taking of exceptional precautions must be done to avoid the inclusion 
of the thermoelectromotive force in the galvanometer branch with 
tlie electromotive force being measured. 

Various methods have been used in measuring or compensating the 
thermoelectromotive force in the calvanometer branch or galvanom- 
eer branch and potentiometer. The method most generally used ' 
onsists in balancing the potentiometer in the usual way and then 
making a second balance after reversing connections to the battery 

ind to the source of the electromotive force being measured. The 

‘illerence between the two readings of the potentiometer thus ob- 
tained is equal to twice the thermoelectromotive force in the gal- 
vanometer branch and potentiometer. The double measurement 
zives a correction which may be applied to each of a series of measure- 
ments, provided the thermoelectromotive force in the galvanometer 
ranch and potentiometer remains constant throughout the series. 


On ee ee 


'H. Diesselhorst, Z. Instrumentenk. 28, 7 (1908). 
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Another method consists in using a so-called “neutral resistor” »», 
so-called “false zero” of the galvanometer.? This consists in replacins 
the source of the electromotive force being measured by a resister 
which has the same resistance as the source and contains no souyreo of 
electromotive force. Then with the battery circuit of the potenti 
ometer open and the high sensitivity key in the galvanometer ejroy;: 
closed, the scale of the galvanometer is so adjusted that the ge), 


reading is zero. The same end is accomplished if, instead of adjusting 
the scale, the scale reading is noted and used as a zero. Each of thy: 
methods requires the use of a neutral switch, which will not introdyo. 
additional thermoelectromotive forces into the circuit. " 

Still another method consists in introducing into the galvanomete: 
branch a potential drop equal in magnitude to the thermoelectromotjys 
force but of opposite polarity.* 























Figure 1.—Potentiometer circuit showing double-pole double-throw key, K, in tis 
relation to the galvanometer, thermocouple, and resistors of the potentiometer. 





In the first of these methods the thermoelectromotive force is 
measured. In the second and third it is compensated, but the con- 
pensation is accomplished in a different way. In the use of these 
methods, the thermoelectromotive force must be measured or com 
pensated more or less frequently, depending on its rate of change and 
the accuracy desired in the measurements. A method which requires 
neither measurement nor compensation may be understood by 4 
consideration of the circuit shown in figure 1. In this figure 

G, the galvanometer 

rj, @ resistor whose resistance together with other resist- 
ances in galvanometer circuit results in a suitable 
damping of the galvanometer; 

Tr, resistor for damping the galvanometer when the 
galvanometer keys are open; 


1W. P. White, Phys. Rev. 25, 344 (1907). 
‘H. B. Brooks and A. W. Spinks, BS J, Research 9, 781 (1932) RP506, 
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1 fy, and ks, (low, intermediate, and high sensitivity) galvanometer 

alia keys 

M, a double-pole, double-throw switch for changing the con- 
nection of the galvanometer from that used in meas- 
urements to that used in adjusting the current through 
the potentiometer; 

SC, standard cell; 

K, a double-pole, double-throw key necessary for the use 
of method described here; 

Ba, the battery supplying the test current. 


The portion of the circuit shown in the dotted rectangle is enclosed 
in a thermal shield and in general is so constructed as to be, with a 
normal ambient temperature, practically free of thermoelectromotive 
‘ree. A construction resulting in an almost complete elimination or 
pylance of thermoelectromotive forces has been described by Brooks 
snd Spinks. What has not been described previously is the double- 
vole double-throw key, A, and the method (or general procedure) 
ysed in establishing balances of the potentiometer. Inasmuch as a 
Ley suitable for use with the method ds described in the following 
paper,’ no detailed description will be given here. However, to fully 
realize the advantages of the metiiod it should be understood that the 
key must be so constructed that a reversal of connections may be 
made in a time which is very short relative to the period of the gal- 
yanometer. During a reversal of connections, the resistance to an 
electromotive foree in the galvanometer branch is either increased to 
infinity or decreased by an amount corresponding to the resistance of 
the “measuring eireuit” of the potentiometer, plus the resistance of 
the source of the electromotive force being measured. Consequently, 
unless the reversal of connections is made quickly, the momentary 
decrease or increase of the current through the galvanometer will set 
the galvanometer coil in motion. 

One of several possible ways of obtaining quick reversals of connec- 
ions, Without introducing objectionable features, is a construction 
such as is shown schematically in figure 2. It will be noted that con- 
nections are reversed without opening the circuit. Furthermore, the 
contacts, s, which also serve as stops, may be so adjusted that as the 
operating button is depressed or nike the two halves of the switch 
change connections at substantially the same instant. It should be 
understood that the two halves of the key, instead of being placed 
end to end as shown, would be oriented in the same direction and 
placed side by side. 

The general procedure in establishing a balance of the potenti- 
ometer is as follows: 

1. The customary procedure is used up to the point at which with 
the full sensitivity of the galvanometer the deflection is not excessive. 
However, it is desirable that the galvanometer scale be so adjusted 
that the scale reading, with the keys k,, k,, and k; open (see fig. 1), 
differs considerably from zero or that the scale have its zero at one 
of its ends. 

2. The key, ks, is closed and from this point on is kept locked in 
the closed position. 


Sei D. 
‘See footnote 3. 

| RP Teele and 8. Schuhmann, A potentiometer for measuring voltages of 10 microvolts to an racy of 
41 microvolt, NBS J. Research 22, 431 (1939) RP1195. 
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3. The potentiometer is so nearly balanced that the scale read; 
of the galvanometer becomes approximately the same as the jnjj;, 
scale reading. Bi: 

4. With the key, K, alternately in one and then in the other of its +, 
possible positions, for periods of time corresponding approximately , 
the period of the galvanometer, the potentiometer is so balanced that ; 
the judgment of the observer the deflection of the galvanometer js p,; 
affected by changes in the position of the key, even though it may }, 
affected by one, two, or more of several possible disturbing fyeion 

These four steps constitute a method of reducing the effect of gic. 
turbances in the galvanometer branch of a potentiometer circuit, 

To see what is accomplished by the use of this method, consid; 
first the case in which the only disturbing factor is a constant thermo. 
electromotive force in some part of the galvanometer branch, 


CA Operating Button 
— A 








To Galvanometer X » 
o Thermo-couple 





To Potentiometer ( 


_ 


SIGURE 2.—Quick-acting double-pole double-throw key. 


Let d)>=the scale reading corresponding to the mechanical zero of the 
galvanometer, that is, the scale reading which would have 
been obtained had the galvanometer circuit been opened 
at a point between the galvanometer and 7, either just be- 
fore or just after the establishment of a balance of the 
potentiometer, 

d, =the scale reading with the key, A, in the position shown m 
figure 1 

d,=the scale reading with the key, A, in the other position 

r=the resistance of the potentiometer between potential and 
current branch points, that is, between p and q in figure | 

i=the current in the potentiometer 

e=the electromotive force in the galvanometer branch 

€.<=r" 

é,=the electromotive force being measured an 

V=the change in the scale reading resulting from unit change 
in the electromotive force in the galvanometer circult. 


With the key, K, in the position in figure 1 
d,—d,= V(e+ez—e,). 

With the key, A, in the other of its two possible positions 
d,—dy= V (e—e€z+¢,). 
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From eq 1 and 2 it follows that 
d,—d,=2V(e,—e,). 
Consequently, if 
oo (4) 
Equation « 3 shows that the method obviates adjustments and readings 
of the galvanometer scale with either the galvanometer keys, k,, ko, 
and fs, open or the galvanometer circuit open, automatically elimi- 
nates the effect of the thermoelectromotive force in the galvanometer 

raneh, and in effect doubles the sensitivity of the galvanometer to a 
ack of balance of the potentiometer. The method also automatically 
iminates the effect of the thermoelectromotive force in the resistor, 
», and the key, #3, when in either the open or closed position. 

a ontinuing with the assumption that the only disturbance in the 
valyanometer branch is an electromotive force, if, in step 4 of the 
me rethod , after the best possible adjustment of the potentiometer has 

» made, it is found that successive values of d, and d, are larger or 

aller by approximately equal amounts, it is an indication that the 
slectromotive force in the galvanometer branch is changing while 
the ‘potentiometer is remaining balanced. Obviously, therefore, it is 
ah to establish accurate balances of the potentiometer even when 
the electromotive force in the galvanometer branch is changing, pro- 
vided it changes slowly and at a fairly uniform rate. If, on the other 
hand, it is found that successive alternate differences between d, and d; 
are inereasing or decreasing by approximately equal amounts, it is an 
indication that the electromotive force being measured is changing or 
that the current through the potentiometer is changing. Conse- 
quently, if the seale reading is changing gradually and in a fairly 
regular way, 1t is possible to determine whether the cause is changes 
in the electromotive force in the galvanometer branch or changes in 
the balance of the potentiometer. 

The effects of other types of disturbances, such as mechanical 
vibrations, electromotive forces induced by neighboring circuits or 
by movement of the galvanometer leads in the earth’s magnetic field 
and of other causes which in effect fix the magnitude of the least 
change in electromotive force producing a discernible change in the 
deflection of the galvanometer, are reduced to half. This results 
from the fact that, in effect, the method doubles the sensitivity of the 
galvanometer to a lack of balance of the potentiometer without 
affecting its sensitivity to disturbances. 

A potentiometer made by the Leeds & Northrup Co. and a poten- 
tometer made by the Rubicon Co. are equipped for the use of this 
method. Tests of these potentiometers have shown that in the 
measurement of very small electromotive forces, under normal labora- 
tory conditions, an accuracy of 0.01 microvolt may be realized. In 
the paper which follows this ® a potentiometer designed especially for 
the use of this method is described somewhat in detail, and results 
obtained in tests are given. The method described here is an adapta- 
tion to potentiometer measurements of the method which for many 
years has been used in those bridge measurements in which the accu- 
racy Of balances is such that the products of currents and resistances 
we matched to 0.1 and occasionally to 0.001 microvolt. However, it 
should be pointed out that, in bridge measurements, the resistance to 


———eenenete 
_*R, P. Teele and &, Schuhmann, A potentiometer for measuring voltages of 10 microvolts to an accuracy of 
! microvoll, NBS J. Research,2%, 431 (1939) RP1195. 
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an electromotive force in the galvanometer branch is not momentarily 
increased or decreased by the operation of the double-pole doukit 
throw key or switch, since it is located in the battery branch. Noyes. 
theless, the electromotive force induced in the bridge and galys. 
nometer leads on reversing the current, would, in some cases. it wv 
compensated, cause considerable movement of the galvanometer ¢¢;) 
One of the bridges is therefore equipped with a device for compensating 
this induced electromotive force. Furthermore, the double-pole 
double-throw switch opens the circuit in the process of reversing eo), 
nections, and it is not so constructed that it is free of thermoclectry. 
motive forces. In addition, no sensitivity keys are used in the gal. 
vanometer branch. Consequently, the special equipment necessary 
to fully realize the advantages of the method and some of the initia) 
steps in the establishment of balances are not the same in bride 
measurements as in potentiometer measurements. : 


WASHINGTON, January 31, 1939. 
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4 POTENTIOMETER FOR MEASURING VOLTAGES OF 10 
MICROVOLTS TO AN ACCURACY OF 0.01 MICROVOLT 


By Ray P. Teele and Shuford Schuhmann 





ABSTRACT 


In connection with the development of a physical photometer it was found 

necessary to measure voltages of the magnitude of 10 microvolts to an accuracy 

f | part ina thousand. The design and construction of a potentiometer of the 
sired range and accuracy are described. 
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I. INTRODUCTION 


The response of a thermopile used in a physical photometer being 
developed at the Bureau was found to be of the magnitude of 10 micro- 
volts. It was desired to measure voltages of this magnitude to an 
accuracy of 1 part in a thousand. A potentiometer of the desired 
range and accuracy was designed and constructed. 

“When a small electromotive force of this magnitude is to be meas- 
ured the most serious difficulty lies in the presence of extraneous 
thermal electromotive forces in the various parts of the measurement 
circuit. The major part of the apparatus to be described is designed 
\o prevent or eliminate the effects of such electromotive forces. 


431 





432 Journal of Research of the National Bureau of Standards 


II. POTENTIOMETER CIRCUIT 


A brief description of the potentiometer circuit and the metho, «: 
using the potentiometer will suffice for a general understanding of 4), 
equipment. The special thermal shield, the reversing key, and #), 
means employed to prevent or eliminate the effects of extranyo. 
electromotive forces will then be discussed. 

The electrical circuit! is shown in figure 1. In this figupe. , 
represents the unknown voltage to be measured; A, the thepyy 
shield enclosing the “measurement circuit,” consisting of the reyersin. 
key and the four-termins 
resistor, S; G, the palyy. 
nometer; F,, the balancine 
rheostat; R, a four-termin,! 
resistance standard. Wi), 
e, applied to the potentioy. 
eter, the resistance of p. 
is varied until the deflection 
of the galvanometer showy: 
no change when the key, K 
is operated. This condition 

indicates that the potential 
Towourr — €R)) drop across the four-termi: 
POTENTIOME TER resistor, S, which is due 
wal | the current in the balancing 

Re circuit, is equal and opposite 

Figure 1.— Electrical circuit. toe, Thecurrentin the bal: 

ancing circuit flows throug) 

R, and the potential drop ucross & is measured by a suitable auxiliary 

potentiometer, in the present case a Wolff potentiometer of tle 
Feussner type. 

The reading of the Wolff potentiometer depends upon the values 
of Rand S. If e, is assumed to be 10 microvolts, or 107° volt, and § 
is 0.01 ohm, the current, at balance, will be 107° ampere. This 
current flows through the 100-ohm resistance standard R. The 
potential drop across FR is, therefore, 107! volt, which is of a satis 
factory magnitude for measurement. With the particular values 
of S and R chosen here, the balancing rheostat, R,, needs to be 
adjustable from 0 to 10,000 ohms to cover a range of 2 to 2,000 micro- 
volts (approximately) when a single lead storage cell is used to supp) 
the balancing current. In addition to making the balancing battery 
and resistor of convenient size, these values for S and F# mean that 
the first two dials of the auxiliary Wolff potentiometer indicate the 
whole microvolts, and the remaining three dials indicate the decimal 
parts of a microvolt. 

When a lower accuracy is sufficient, a suitable milliammeter me) 
be used to measure the current in the balancing circuit. 


III. THERMAL SHIELD 


It is desirable to reduce parasitic electromotive forces to a value of 
0.002 microvolt, that is, one-fifth of the desired accuracy. To %- 
complish this a number of expedients are employed, one of which 
the isolation of the measurement circuit inside a thermal shield. 


} 
| 
| 
| 
| 
| 
| 


1J. C. Poggendorff, Ann Phys. Chem. 54, 161 (1841); Lindeck and Rothe, Z. Instrumentenk m 
293 (1900); H. B. Brooks and A. W. Spinks, BS J. Research 9, 781 (1932). RP506. This last paper conta 
a brief summary of the two references above and a discussion of basic potentiometer circuits. 
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The thermal shield is cast from an alloy of aluminum containing 
15 percent of zinc. The zinc improves the machinability of the 
casting without reducing lis therma conductivity sufficiently to offset 
she gain in working qualities. The wall thickness is % inch. 

The thermal shield is rectangular in shape and the division into 
halves is made along a diagonal plane. Figure 2 shows the thermal 
shield before final assembly. The division along a diagonal plane 
permits easy access to the parts when one-half of the shield is removed 
and also has the obvious advantage of requiring only one pattern for 


casting. 


1v. CAUSES OF EXTRANEOUS THERMAL ELECTROMO- 
TIVE FORCES IN THE MEASUREMENT CIRCUIT 


Thermal electromotive forces may arise from (1) temperature dif- 
‘rences in the space within the thermal shield, (2) temperature dif- 
ferences between the springs and contacts of the reversing key, (3) 
emperature differences between the terminals of the four-terminal 
resistor, S, (4) heat conducted into the space within the thermal 
shield along the wires entering the thermal shield and along the 
yetuating mechanism of the reversing key. 


VY. REDUCTION OR ELIMINATION OF EXTRANEOUS 
THERMAL ELECTROMOTIVE FORCES 


The various expedients used to reduce or eliminate the effects of the 
extraneous thermal electromotive forces are discussed according to 


the principal causes listed above. The various expedients used are 
each effective and the over-all result obtained is the product of the 
separate effectivenesses of the expedients used. The aim was to 
eusure that the precautions taken would be sufficient, and the neces- 
sity for each expedient was not determined. It is probable that an 
extensive study of the apparatus would show that simplification could 
be made by modifying or omitting some of the expedients used. 


1. TEMPERATURE DIFFERENCES IN THE SPACE WITHIN THE 
THERMAL SHIELD 


The perfect thermal shield would be a cavity in a block of metal of 
lugh thermal conductivity, with no openings of any kind, and ther- 
mally insulated from its surroundings. The necessity for providing 
for the entrance of wires and means for manipulating the reversing 
key, as well as the difficulties encountered in making such a thermal 
shield, make the ideal shield unattainable. The nearest approach to 
such a shield is an enclosure that is symmetrically divided. The 
‘symmetrical division of the enclosure gives two pieces of metal of 
very nearly equal thermal capacity. When these two halves are 
fastened together in such a manner that there is good thermal con- 
F tact between halves, the enclosure has a symmetry of thermal capac- 
ity that greatly reduces the possibility of unequal distribution of 
‘emperature on the walls of the enclosure. 

The thickness of the walls, the thermal capacity due to the mass, 
the thermal conductivity of the metal, and the thermal insulation are 
depended upon to maintain the walls of the thermal shield at the same 
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temperature throughout. When the walls of the thermal shiolg ,, 
at the same temperature throughout the space within the shield js {,., 
from temperature gradient in any direction and, consequey;|; 
apparatus located within the thermal shield is free from temperatun 
differences which might cause thermal electromotive forces bety¢ev, 
component parts. i. 
The thermal shield is enclosed in a box of balsa wood 2 inches {}j 
to minimize the flow of heat to or from the surroundings. Sy), ; 
heat flow might cause one part of the thermal shield to reach a tery». 
ature differing from that of some other part. a 


2. TEMPERATURE DIFFERENCES BETWEEN THE SPRINGS anp 
CONTACTS OF THE REVERSING KEY 


The springs of the reversing key are of copper strip, which was co\j. 
rolled to improve its elastic properties. The silver contact points gr 
riveted in place. In order to minimize differences in temperatyy 
between any two silver-to-copper junctions which are in the measuring 
circuits, the fixed ends of all six springs were clamped between heayy 
copper blocks, with thin mica sheet for electrical insulation, and thes 
blocks were in turn well connected mechanically and thermally to the 
side of the thermal shield. If, in spite of the precautions taken, the 
temperature of this portion of the shield should differ, howevye; 
slightly from that of the rest of the shield, the symmetry of therm! 
capacity and thermal resistance of the six springs would still serve | 
maintain their free ends at the same temperature. The use of a smal! 
mica-insulated copper block to form a mechanical connection between 
the free ends of the inner or moving pair of springs provides for further 
equalization of temperature between these two springs. 

In addition, the brass pieces, B-B in figure 3, make a partial en- 
closure within the main space, which gives still greater assurance that 
all parts of the reversing key are at the same temperature. 

The reversing key is designed so that all junctions of dissimile: 
metals occur in adjacent pairs so arranged that a flow of heat in any 
direction will cause thermal electromotive forces of opposite sign and 
nearly equal magnitude in the circuit containing the key. 


3. TEMPERATURE DIFFERENCES BETWEEN TERMINAL LEADS 
OF THE FOUR-TERMINAL RESISTOR 


The resistor, S, is of the four-terminal type and is made in the form 
ofa U. The open end is clamped, with mica, between copper blocks, 
and the copper blocks are bolted to the shield. The terminal leads 
are bent toward each other and brought as close together as possible 
without introducing any danger of a short-circuit between them, whe 
air is the insulating medium. ‘This brings the four terminal lead: 
together into the same thermal environment. With the precautions 
taken in the design of the shield, this additional detail of groupimg te 
terminal leads is felt to be adequate for eliminating any trouble from 
thermal electromotive forces at the terminals of the resistor. 
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TEMPERATURE DIFFERENCES CAUSED BY HEAT CONDUCTED 
INTO THE THERMAL SHIELD 


(a) ALONG WIRES ENTERING THE SHIELD 


4 


The principle of the thermal “‘tie-down”’? was used to divert any 
heat conducted along the wires onto the walls of the thermal shield. 
Th, enter the thermal shield through a copper block screwed 
, the outeide of the shield. The wires are sealed with polyethylene 
sithalate resin, an electrical insulator but fairly good thermal con- 
‘otor, About 95 percent of any heat conducted along the wires will 
fy to the walls of the thermal shield at this point. Just inside the 
died each wire is coiled into a small helix. This helix offers a 
nejetanee to the flow of heat which increases the effectiveness of the 
rypsfer of heat at the copper block on the outside of the shield. The 
res are then clamped, with mica, between copper blocks and the 


ner wall of the thermal shield. The heat transfer at this point 1s 
ain about 95 pereent complete. One more set of coils and another 
camp are used before the wires are led to the various terminals. 
The transfer of heat from the wires to the walls of the thermal shield 
’ is nearly complete, only 1 part 


these three thermal ‘‘tie-downs’ 


‘ten thousand is not diverted to the walls of the shield. In addition, 
wires are led half way around the case in close proximity to the 


walls and to each other. Consequently, the end of each wire, where 

the soldered junction is made, must be at a temperature very close to 
J , A 

hat of the thermal shield and the space within the thermal shield. 


(b) ALONG THE ACTUATING MECHANISM OF THE KEY 


\ key-actuating mechanism of usual construction would conduct 
heat at an undesirable rate from the hand of the operator into the 
thermal shield. ‘To minimize tre rate of transfer of heat, the reversing 

itch is operated by a linen thread, having a metal link where it 

es through the case. The use of a thread is feasible, because, 
ally, the key remains closed in one direction, thus furnishing its 

n restoring foree. When a lever made of hard rubber is depressed 
ny the operator, the opposite end of the lever pulls the linen thread. 
leat condueted from the operator’s hand must travel along the hard- 
rubber lever and down the linen thread to the metal link, a path of 
comparatively high thermal resistance. The metal link causes most 
of the heat being transferred along the linen thread to flow to the 
walls of the thermal shield. The lower end of the metal link is 
attached to the movable springs by a linen thread. The hand of the 
perator is separated from the thermal shield by the balsa-wood 
enciosure, 


VI. OTHER SOURCES OF EXTRANEOUS ELECTROMOTIVE 
FORCES AND THEIR REDUCTION OR ELIMINATION 


1, IN THE UNKNOWN-VOLTAGE CIRCUIT 


"here are several precautions that need to be observed in using the 
potentiometer. Obviously, the potentiometer will measure as a part 
of e, the resultant of any thermal electromotive forces in the circuit 
that connects this voltage to the potentiometer. To reduce these 


tha ° - “i 
thermal electromotive forces as much as possible, any connections 


’. Osborne, H. F. Stimson, and E. F, Fiock, BS J. Research §, 425 (1930) RP209. 
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should be protected from inequalities of temperature. A very gat 
factory form of connector, shown in figure 4, was worked out re 
making these connections. ‘Two copper bars with a copper serey 5 
each end are clamped between metal blocks, with mica for electric, 
insulation. This reduces the temperature difference which can eye 
between the wires thus connected. The complete connector jg thy. 
mally insulated and enclosed so as to exclude air currents from ¢) 
junctions. 

The connections must be allowed to come to thermal equilibriyy 
with their surroundings before measurements can be made. |} < 
apparent that connections can not be readily shifted. Consequently 
when the polarity of the voltage to be measured is not known sony 
means of reversing the potentiometer without disturbing the eon, 
tions from the unknown voltage to the potentiometer is desirable 

Two reversing switches, one for reversing the current from tp 
balancing battery, Bs in figure 1, and the other for reversing the poten 


t 
i 
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Figure 4.—Connector for leads of unknown vollage circuit 


tial leads from the standard resistor, R in figure 1, will enable the 
potentiometer to be balanced for either polarity of the unknown 
voltage. Both of these reversing switches are m the balancing circuit, 
where their operation will not interfere with the immediate use of the 
potentiometer, since the extraneous electromotive forces thus gener- 
ated are in series either with the relatively large electromotive fore 
of the battery or with the relatively large potential drop across the 
100-ohm resistor, &. 


2. IN THE GALVANOMETER CIRCUIT 


It is not practicable to maintain the galvanometer and galvanometer 
leads at a uniform temperature throughout. Consequently, there s 
almost always a resultant thermal electromotive force having its origi 
in that part of the galvanometer circuit beyond the reversing key 
Under favorable conditions, for galvanometers of ordinary construt- 
tion, this thermal electromotive force usually lies in the range {row 
+1 to —1 microvolt. With an “all-copper-circuit” galvanometet 
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| taking exceptional precautions it usually lies in the range from 
(1 to —0.1 microvolt. Various procedures have been devised for 
measuring this electromotive force so that it may be added to or 
kubtracted from the potential drop being measured. Also, various 
‘es have been devised for compensating for this electromotive 
Horce’ In addition to any thermal electromotive forces in the gal- 
ynometer or galvanometer leads, there may be other extraneous 
Jectromotive forces in this portion of the circuit, for example, those 
hroduced by leakage currents from other electrical circuits. 
’ In the present potentiometer the manner 
nwhich the reversing key 1s used automat- 
cally eliminates the effects of extraneous 
lectromotive forces having their origin in 
the calvanometer, and in effect doubles the 
opsitivity of the galvanometer to a lack of 
balance of the potentiometer, without chang- 
w its sensitivity to either electrical or me- 
janieal disturbing factors. The function 
{the reversing key has been deseribed in 


bf en 
| 


pr CCE | ul 


etuilin the preceding paper.‘ For the con- 
onience of the reader, a brief nontechnical 
jiscussion is given here. Figure 5 shows 
he portion of the circuit in which an ex- s 
raneous electromotive force (if not taken jyqure 5.—Portion of electric 
nto account) would introduce an error in circuit. — 
tlie measurement. 





nnn NANDA 
- 


Let e-—the resultant of all extraneous electromotive forces in the 
galvanometer circuit. The quantity e is considered as 
including any action upon that part of the galvanom- 
eter circuit beyond the reversing key which has any 
effect upon the scale readings, such as changes in the 
potential difference between the coil and case of the gal- 
vanometer, changes in the level of the galvanometer, 
and gradual shifts of the mechanical zero. 

e,—the “unbalanced voltage,” that is, the voltage due to any 
difference between e, and e,. 
; wid é,~the unknown voltage and the drop across the four-terminal 
resistor S, respectively. 

Assuming exact equality of e, and e,, wesee that when the galvanom- 

ter reading does not change when the key, A, is operated it indicates 
1) that e, and e are both zero or (2) that e, is zero and e is constant. 
s already pointed out on page 436, e is probably not equal to zero 
bid we usually have the second condition. 
When e, is not zero and the key makes contact in one position, 
uere is a deflection in one direction, and when the key is operated we 
ave asimilar deflection in the opposite direction. This is the equiv- 
lent of doubling the sensitivity of the galvanometer to any unbal- 
hiced voltage in the measurement circuit. 

‘Il, B. Brooks and A. W. Spinks, BS J. Research 9, 781 (1932) RP506. 


fi Wenner A method of reducing the effect of disturbances in the galvanometer branch of a potentiometer cir- 
it, J. Research NBS 22, 425 (1939) RP1194. 
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Vol ty 
VII. ADJUSTMENT OF THE REVERSING KEy 


The two pairs of stationary springs are held in position by gto, 
which may be precisely adjusted in order to obtain the notin 
accurate timing of the sequence of make and break contacts which 
constitute a reversal. Since the springs have a position of toa 
where all their free ends make contact, adjustment is made by yap. 
ing the length of wires connected between capstans and small ¢ljj. 
attached to the free ends of the stationary springs, that is, the fr 
ends of the springs are pulled from their position of rest by the wire: 
These wires are insulated electrically but not thermally from thi: 
metal supports. 

The optimum adjustment would be such that one pair of oute 
blades would make contact at the exact instant the other was gj. 
engaged by the moving pair. Since the system is mechanical, th 
adjustment is never perfectly made, so it becomes necessary to choos 
whether the transient condition shall be a short-circuit or an open: 
circuit. 

This choice is made considering the magnitude of the measure 
electromotive force and the characteristics of the galvanomete 
with the object of causing the least momentary change of the curren 
through the galvanometer (assuming balance for the measuring ¢. 
cuit). In any case the adjustment is made as near as possible ty 
optimum and in operation the key is depressed quickly, in order that 
the time interval between steady states of the current may be yer 
short. 

VIII. TESTS AND PERFORMANCE 


In order to test the effectiveness of the measures employed 
eliminate the effects of extraneous electromotive forces in the vital 
parts of the circuit and to learn the operational characteristics, the 
reversing key and four-terminal resistor, enclosed in the thermal 
shield, were set up as for use, employing a high-sensitivity gal\s- 


sa thh 


nometer. 

A small all-copper shunt, well-insulated thermally, and with its 
potential terminals symmetrically placed and insulated from each 
other electrically but not thermally, was connected at leads ¢, 
figure 5. A known small current flowed through this shunt, which 
served to determine the galvanometer sensitivity without introducing 
any spurious thermal electromotive force. 

The sensitivity of the galvanometer was found to be about 50 mm 
(double deflection) per microvolt. Upon removing the current cou 
nections from the shunt (leaving only thermal electromotive forces), 
it was found that on days when there was freedom from wind and 
magnetic disturbances, operating the key produced no discernible 
change in the galvanometer index reading. (The index could ord 
narily be read to about 0.2 mm and changes of 0.1 mm were detectable, 
This test indicated that thermal electromotive forces in the measu 
ing circuit were certainly less than 0.002 microvolt. 

The effect of a relatively large thermal electromotive force in the 
galvanometer circuit was also investigated. The all-copper shut! 
was used to supply 1 microvolt in the galvanometer circuit and the 
same procedure as above was followed except that the copper ¢; leads 
were short-circuited. Although the index reading was altered from 
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that obtained in the first test, again there was no noticeable change 
upon reversal. a P 

Finally, a coil of silk-covered copper wire, thermally insulated, was 
connected at é, (fig. 5), leaving the potential difference of a microvolt 
in the galvanometer circuit. The resistance of this coil was equal to 
the external critical-damping resistance (about 60 ohms) of the gal- 
canometer. In this case the operation of the reversing key produced 
, noticeable change in index reading, which appeared to be a result 
ofa small residual thermal electromotive force in the damping resistor 
and not ascribable to an impulse caused by the operation of the key. 

From the above tests 1t can be seen that with this apparatus it is 
possible to measure potential differences of the order of 1 microvolt 
to at least 0.2 percent, even though the galvanometer circuit itself 
contains an electromotive force of a microvolt. However, as pointed 
out above, it is advisable to keep the latter electromotive force small 
so as to minimize any impulse caused by the operation of the key. 
When this electromotive force is small its variation is also small. 


The authors are indebted to many members of the staff of the Na- 
tional Bureau of Standards for suggestions and advice. Dr. Wenner 
suggested the use of the reversing key and reviewed the design before 
construction started. 


WasnINGTON, January 20, 1939. 
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SOLUBILITY OF COLORED GLAZES IN ORGANIC ACIDS 
By R. F. Geller and A. S. Creamer 


ABSTRACT 


The purpose of this study was to determine primarily which, if any, of the 
azes tested constituted a health hazard because of lead or other toxie oxides 
yhieh might be dissolved from them and, secondarily, to develop suitable test 
-oeodures for future control work. 

{ conference of representatives of the U. 8S. Potters Association, the Food and 
jug Administration of the U. S. Department of Agriculture, and the National 
regu of Standards was held, and a series of accelerated and simulative service 
ts were outlined. These tests were made on specimens from six cooperating 
nufaeturers. 

It was shown that the amount of lead extracted by pouring hot distilled vinegar 
s-percent acetic acid) or a 0.5-percent solution of citric acid into a cup and 
ving it to cool in contact with the glaze for % hour would be as much or more 
than the lead normally extracted by Jams and fruit juices. With the same or a 


indicate how much lead might be taken up by lemonade or vinegar. 

The results indicate also that glazes of only one color among those tested con- 
titutes a probable health hazard. However, two other glazes from one manu- 
acturer were found to be marginal, and a third may cause trouble if indicated 


rrective measures, such as a preliminary acid wash, should be neglected by the 
anufacturer 


CONTENTS 
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. INTRODUCTION 


Accounts of the earliest investigations and regulations regarding 
the toxicity of lead in ceramic glazes have been summarized by 
Mellor! and by Koenig.? 

More recently, investigations in Massachusetts * established that 
water containing as little as 0.1 part per million of lead produced 
syptoms of poisoning, and Jackson and Jackson‘ found that 1.7 
parts per million of lead in cider gave acute symptoms of poisoning 
‘0 the consumers. Considerable helpful information on the contam- 
ation of foods may be found in a report by G. W. Monier-Williams,® 
uid W. P. Mason ® stated that in the writer’s opinion, no water to be 


¢ ae . hig durability of pottery frits, glazes, glasses, and enamels in service, Trans. Eng. Ceram: 
: , 11? (1934-35), 

‘J. H. Koenig, Lead frits and fritted glazes, Ohio State Eng. Exp. Sta. Bul. 95 (July 1937). 

‘Wade Wright, C. O. Sappington, and Eleanor Rantoul, J. Ind. Hygiene 10, 234 (1928). 

eu C.N. Jackson ard L. N. Jackson, The Lancet, 228, 717 (1932). 

: Report on Publie Health and Medical Subjects No. 29 of the Ministry of Health, London (1925). 

' Examination of Water (J. Wiley & Sons, Inc., New York, N. Y.). 
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used for drinking purposes should contain lead compounds jn qyp, 
tity greater than what would correspond to 0.5 part per million of 
metallic lead. Recently the U. S. Department of Agriculture estab. 
lished the tolerance of 0.025 grain of lead per pound of food (equiyaley: 
to about 3.57 parts of Pb per million parts of food), based upon 
investigations made by the U. S. Public Health Service. There Ne 
reason to believe, however, that a tolerance for “lead” in golid foods 
may be too lenient for application to lead ingested in solution ag the 
salt of an organic acid. Therefore, the tolerance of 0.5 part per 
million in drinking water should not be lost sight of. 

The present investigation was occasioned by a specific case of 
nausea believed to have been caused by tea flavored with lemon Juice 
and drunk from a green cup, which came to the attention of the Fooq 
and Drug Administration. The matter was referred to the Nationg| 
Bureau of Standards, and a conference, attended by representatives 
of the U. S. Potters Association, the Food and Drug Administration 
and the National Bureau of Standards, was held on May 21, 1938 
A series of tests, to be made in cooperation with six manufacturers. 
was outlined, and the results of these tests are here reported. 


II. PURPOSE 


The purpose of the work was threefold: (a) to develop test pm- 
cedures for the treatment of the ware and for the analysis of the dis. 
solved materials; (b) to correlate the results of relatively rapid and 
standardizable laboratory tests with those obtained under service 
conditions; and (c) to determine if any of the representative glazes 
submitted might constitute a health hazard. 


III. MATERIALS AND METHODS 


Bowls, fruit dishes, and cups were submitted by the 6 cooperating 
companies, and usually 1 dozen specimens of each shape and color 
were available. Four colors (tangerine, yellow, bright green, and 
cobalt blue) were submitted by each manufacturer, but additional 
colors and shades were submitted by some. The maximum number 
from one concern was 20 colors. 

A number of test methods were tried, but all except those given in 
table 1 were discarded. The discarded methods included heating on 
a steam bath or holding at “room temperature.’”’ Both involve ten- 
perature conditions difficult, if not impossible, to duplicate under 
ordinary conditions. The symbol accompanying each test was 
adopted for convenience in designating that test in the figures. 

Unless otherwise designated in the table, the lead dissolved wes 
determined by extraction with diphenylthiocarbazone, called “the 
dithizone method.”’ In the case of fruit juices and jams it was nec- 
essary to ignite and take up the residue in acid. Determination by 
precipitation as the sulfide with H.S followed customary chemicz! 
procedure. The amount of lead present was approximated by color- 
metric comparison with standards containing 0.5, 1, 2, 4, and 6 parts 
of Pb per million parts of solution. If more than 6 parts per million 
were present in the test solution, an aliquot portion was used. 

7 The procedure used was essentially that in Method for determining lead in food, J. Assn. Official Agr 
Chem. 17, 123 (1931), separate copies no longer available, and in Method for determining lead in canned food, 


J. Assn. Official Agr. Chem. 18, 315 (1935). Copies are obtainable from the Association (Box 540, Benjs™0 
Franklin Station, Washington, D. C.). 
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TABLE 1.— Test methods 


\fethods 1, 10, 14, 15, and 16 are primarily for laboratory work; methods 3 to 9, inclusive, and 11 to 13, 
waite pode ve, were designed to simulate conditions in service, i. e., home or restaurant use] 





Test 
Method {| num- | Symbol Method 
|| ber 








150 m1 of boiling white vine- || 9___- specimens were held at room 
gar (about 5-percent acetic { temperature 85°-5° F. 
acid) had been poured, was Same as test 7, except that the 
covered with a 3-liter beaker j ss specimens were held 1 day at 
to protect it from drafts. ----|4122°_....-.]) 122° F (50° C) and the lead 
After % hour the vinegar ..-|] was determined by H;S pre 
was removed to a Pyrex cipitation. 
flask and subjected to the Specimens containing cherry 
HS test for lead.* ~|} jam were held at room tem- 
Same as test 1, except that lead perature (80°+10° F) for 60 
is determined by the dithi- days. 
zone method.» Specimens containing straw- 
|(A cup containing 150 ml of ~--"1) berry jam were held at room 
|} unsweetened pineapple juice a temperature (80°+10° F) for 
| kept y A slg a room rae 7 days. 

maintained a 4 f ee | 

) Same as test 3, except that un- oo ee Rae gua 

‘| sweetened grapefruit juice Sasa 

| was used. Same as test 1, except that a 
rs |Same as test 3, except that 0.5 f%C! = solution containing 0.5 per- 

> percent of citric acid was ad Se cent of citric acid and 0.25 

| used to simulate lemonade. percent of gelatin was used. 


aT cup or fruit dish, into which i |Same as test 7, except that the 





Same as test 3, except that Same as test 14, except that the 
7 brown vinegar a .4-percent #4 — — 1 percent 
acidity) was use of citric acid. 

Same as test 3, except that dis- 0CAc jSame as test 2, except that a 
‘1 tilled —— (5-percent acid- -|f ~ Saas pone 9 10 - 
ity) was used “ cent of citric acid was used. 
Same as test 7, except that the 
Wn specimens were held 2 days 
in a refrigerator at 40° F. 

















s This test may give too high values for lead because other metals, such as copper, which may be present 

40, are precipitated. The test was suggested to the industry for control and development work shortly 

‘tet the conference held in May 1938 and became known as the National Bureau of Standards Tentative 
Test. It is described in the National Bureau of Standards Technical News Bulletin 255, July 1938. 

> The dithizone extraction, followed by electrolysis, is a specific test for lead, except in the presence of 
bismuth. The dithizone method was used in all of the tests except Nos. 1, 10, 14, and 15. 


Comparison standards prepared with vinegar could be used for 
about 2 hours at most. In this connection, it was found that both 
test and comparison solutions prepared with acetic acid or citric acid 
were not satisfactory. The nature of the precipitate imparted a 
“smoky” color to the solutions and made comparisons difficult or 
impossible. The condition was corrected by diluting these acids with 
a 0.25-percent solution of gelatin. Resultant test liquids and stand- 
ards containing up to 6 parts of Pb per million parts, could be com- 
pared ateatectille. Furthermore, the standards remained constant 
in color for as much as 2 days. 

Copper was determined by ‘carbamate extraction’’, using sodium 
diethyldithiocarbamate, and the procedure followed by the U. S. 
Bureau of Fisheries.® The values are believed to be significant to 
0.1 part per million. The following method, giving results significant 
to1 part per million, also was used. A 150- Sioetien of test solution 
was evaporated to dryness, ignited, evaporated with HNO, and 
treated with 0.5 ml of NH,OH in a porcelain crucible. The shade of 
blue obtained was compared with those of standards prepared in the 
same way. 

No test was developed for antimony, because it was evident from 
results for the yellow glazes that a total of not more than 0.5 part of 


‘E. J. Coulson, J. Assn. Official Agr. Chem, 20, 178 (1937). 
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material per million parts of reagent was dissolved by the severe: 
tests. ie 

Blank determinations for lead and for copper indicated that 4), 
white vinegar used in the tests (table 1) contained 0.3 and 1.0 par it 
million, respectively, and that the brown vinegar contained not aoa 
than 0.1 part of lead per million parts of vinegar. a 


IV. RESULTS AND CONCLUSIONS 


The results are presented in figures 1 to 7, inclusive, and some of 
the values are plotted in several graphs to facilitate comparison ap) 
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Figure 1.—(Left) effect of test 1 (see table 1) on glazes in 11 colors from 6 mani- 
facturers; (right) effect of tests 3 to 7, inclusive, on glazes of relatively low solubility 
according to test 1. 


In this figure, as in the others, the letters A, C, E, F, S,and 7 refer to the manufacturers of the ware tested 


correlation with the various factors involved. Each plot represents 
the average of at least two determinations, unless otherwise stated. 

Data obtained with test 1 on cups in various colors from the cooper- 
ating manufacturers are presented in figure 1 (left). Values for some 
intermediate shades of yellow, brown, blue, and gray (or “white’ 
are omitted, but in no case did they exceed 0.5 part per million. 
With the exception of one manufacturer’s maroon glaze, the only 
specimens giving up more than 2 parts per million of Pb were the 
tangerines (reds) and the greens. 

Some of the dark blues and yellows showed solubilities equal to or 
in excess of 1 part per million. These colors, together with the 
maroon mentioned and a brown, were subjected to tests 3, 4, 5, 6, 
and 7. The results are shown in figure 1 (right), and values from 
test 1 are repeated for comparison. 
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The combined data of figure 1 show that: (a) glazes of high resistance 
«) solution under the conditions of test 1 (not over 1 part per million 
of Pb) will also present very little, if any, hazard to health, even if 
“lemonade” (test 5) or distilled vinegar (test 7) is left in contact with 
‘hem for as much as 2 days; (b) with some colors (for example, dark 
sue and maroon) contact with vinegar or a citric-acid solution of 
iomonade strength for 2 days may be dangerously more severe than 
‘he tentative test (No. 1) indicates; and (c) the limited time available 
for this investigation should be concentrated on the tangerine and 
creen glazes. ; ; 
~ \ecordingly, the specimens of tangerine and green glazes from 
vo concerns Were subjected to the series of tests indicated in figure 2. 
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Fiavre 2.— Effect of accelerated test 2 and simulated service tests 3 to 13, inclusive, 
on tangerine and green glazes from two manufacturers. 


The first five tests, when reading from left to right, show that their 
use in the home with fruit juices and jams would be less severe than 
in laboratory test 2,° while tests 6, 5, 7, and 9 (representing home 
use with lemonade and with vinegar) would be more severe, and the 
glazes, under these conditions, might be unsafe. For example, a 
vinegar containing 25 parts of lead per million would have a little 
over 1 mg of lead in 1.5 fluid ounces. Correspondingly, an 8-ounce 
tumbler of lemonade would have 6 mg of lead, and in the references 
cited 1t Was stated that ingesting 1 mg daily produced symptoms. 
Tests 8, 7, 9, and 10 were made to show the effect of variation in 
temperature. They show that vinegar may take up only 5 parts per 
million during 2 days in a refrigerator but 25 parts in a room when the 
cimate is moderate, and over 50 parts in summer heat. Test 10 


-—_———_ 


‘Test 2 results were plotted here, instead of test 1, to make the method of analysis common for all tests. 
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indicates what might be expected if such glazes were used, for examp¢ 
in warming ovens. sie 

Based on the results described, tests 1, 2, 5, 7, and 16 were selected 
as representative of both laboratory and service tests. Five tangerine 
and six green glazes, subjected to these treatments, are represented }y 
the graphsin figure 3. Plotted in the general order of relative sevyerit; 
the values show first of all that this order is not the same for the ty, 
colors, but that more lead is dissolved from green glazes by “lemonade’ 
than is dissolved by white vinegar under the same conditioy: 
Figure 3 shows also, in the large majority of cases and test for test 
that the green glazes are more reluctant to give up lead than are ti 
tangerines. The indication of figure 2 that the tentative test (No | 
or 2) may not be nearly as severe as “home conditions” (Nos, 5 and 
7) is substantiated. Also, the substitution of a 0.5-percent citric-acid 
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Fiaure 3.—Effect of accelerated tests 1, 2, and 16 and service tests 5 and 7 on 
tangerine glazes (left) and on green glazes (right) from four manufacturers. 





solution for distilled 5-percent acetic-acid vinegar in tests 1 and 2 
produces roughly comparable results with the tangerine glaze.” 
Two additional points of interest are brought out by the data in 
figure 3 (right), namely, the effect of the stain on the solubility of 
base glaze and the effect of the glost temperature. The first i 
illustrated by the graphs for a “blue-green” and a “light-green’ 
glaze. The only known difference between these glazes is that the 
latter contains only half of the identical stain used in the former. 
Also, the clear, or “base glaze,”’ to which the stain had been added 
gave up only 0.6 part per million of lead in test 5. The second pout 
is illustrated by the plots identified as “dark-cone 02” and “light-cone 
5.” Naturally, the compositions of the two base glazes, and probably 


1@ Citric-acid solutions are more desirable than vinegar or acetic-acid solutions for laboratory work, because 
solutions of known strength can be prepared and maintained more conveniently. 
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also those of the stains, differed, but the results show that glazing at 
the lower temperature need not materially lower the resistance to 
solution. 

“The possibility of substituting citric-acid solution for vinegar was 
investigated further, as shown by the information in figure 4. Because 
of the shortage of cups, test results given in the larger graph were 
obtained with fruit saucers. They show that differences obtained 
with tests 1 and 14 are not significant. 

Test 16 was then made on tangerine, maroon, and blue cups from 
one manufacturer to determine the strength of citric acid required in 
an accelerated test to dissolve glaze comparable to vinegar or lemonade 
in contact with the glaze for 2 days at 70° F (test 7). The data are 
plotted in figure 4 (right). Graphs 4C1, 4C2, and 4C6 are for three 


tangerine cups from the fourth shipment. Cups 401 and 4C2 were 
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FigurRE 4.—Relative results with tests 1, 14, and 165 (left) on nine glazes in five colors; 
and (right) relative results with 10-percent citric-acid solution, test 16, and simu- 
lated service tests 5 and 7. 


Test 16 Was made twice on cups 4C/ and 4C¢, after having made test 7, and twice on the previously untested 
cup, 4C6 


subjected to test 7 and then twice to test 16. Cup 4C5 was subjected 
twice to test 16. The indication is that a solution containing at least 
\0 percent of citric acid, when substituted for vinegar in the tentative 
iethod in order to obtain values comparable with those of test 5 or 
, will give higher values for some colors (for example, dark blue) and 
lower values for others (for example, maroon). 

The values for individual cups given in figure 4 (right) lead to the 
question—what variations were found among supposedly duplicate 
cups? Typical examples are given in table 2. Results with tangerine 
cups Were especially erratic. One of the factors which may be re- 
sponsible for this is difference in heat treatment. It was thought 
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this could be illustrated by testing the glaze on the inside and op he 
outside of several cups. The graphs in figure 5 (left) show thet 
significant difference is to be found on the same cup, and therefor 
differences between cups are not surprising. 

Another factor to be considered in the testing of commercial yr 
with a specified amount of reagent (in this case, 150 ml per cup) is 
the variable surface exposed because of differences in design, Som. 
glazes were represented by the “regular’’, or approximately her). 
spherical cup, by a straight-sided cup having the shape of an inyerte; 
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Figure 5.—(Left) relative solubility on inside and on outside of five cups from three 
manufacturers: (right) effect of shape of specimen (and consequent variation in 
surface exposed to the 150 ml of reagent) on results with the tentative test 1. 


and truncated cone (frustum), and by fruit dishes. The tentative 
test (No. 1) was conducted on each shape, using 150 ml of vinegar for 
each shape. The results (fig. 5, right) show that the greater surface 
exposed by the fruit dish will usually give slightly higher values for 
lead dissolved, but the differences introduced by the shapes tested 
have little significance in the tentative test. 

In addition to the above, three bowls in green glaze were subjected 
to tests 1, 5, and 7, using 325 ml of reagent because the capacity 0! 
the bowls was in the ratio of 325:150 to the capacity of comparable 
cups. The results for cups and for bowls were as follows: Test ! 
gave 7 and 8 parts of lead per million; test 5 gave 26.0 and 29.1 
parts per million; and test 7 gave 24.5 and 19.0 parts per million, 
respectively. This shows that similar shapes in various sizes will give 
comparable results if proportionate amounts of reagent are used. 
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vi ppg 2.—Variations in solubility among different specimens of the same glaze 
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* Values are in parts of lead (Pb) per million parts of reagent. 
» The number before the letter indicates the shipment; thus, $C/ in this column means tangerine cup 
the third shipment from manufacturer C. 


An appreciable difference had been found in the amount of lead 
indicated by H.S precipitation, and by dithizone extraction, for some 
ereen and also some tangerine glazes. The precipitation of tin 
might account for the difference in the case of the tangerine glaze. 
However, the difference was found with a glaze reported as containing 
ouly Pb, AlzOs, SiOz, and UO,—and uranium sulfide is not precipi- 
ated in weak acid solutions according to textbooks on the subject. 
This was checked by passing H,S through vinegar containing a known 
amount of uranium. A slight discoloration was produced, much less 
than that required to account for the differences actually found. 
since there is no reason to believe that the slight amounts of uranium 
which might be ingested would be toxic, the matter was not investi- 
gated further. 

The case of nausea mentioned in section I, which followed the 
crinking of tea from a new, green-colored cup may have been caused 
by copper. It was readily demonstrated that the differerices in 
results for tests 1 and 2 could be explained by the precipitation of 
CuS. The data given in figure 6 were obtained for four cups, and 
also for four fruit dishes on each of which test 1 was conducted three 
times, that is, the acid treatment of test 1 was used, and analytical! 
methods of tests 1 and 2 were made on aliquot portions of the same 
liquid. 

It is evident from figure 6 that the solubility of the green glaze on 
the fruit dishes, so far as extraction of lead and copper are concerned, 
iid been decreased materially by the first acid treatment. This 
interesting and important phenomenon was investigated further, and 
the results are plotted in figure 7. Cups glazed in tangerine, from 
lour manufacturers, were subjected four times to test 1, and duplicate 
sets Were washed with hot water and soap between each test to remove 
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FiauRE 6.—Amounts of copper and of lead making up the “lead” dissolved during 
test 1, as indicated by H,S precipitation. 


The test was made on previously untested cups, and repeated twice on the fruit dishes 
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REPEAT TESTS 


FicurE 7.—Results obtained by repeating test 1 on tangerine cups from four mani 
facturers (left) and on green cups from two manufactures. 


One series of cups was permitted to dry in the air between tests, a duplicate series was washed with soap 
and hot water. Also, the dithizone extraction for Pb (test 2) and the HS precipitation was made, on the 
same solution from the fourth test, for three samples of tangerine glaze. 7 

The intermediate treatment with trisodium phosphate was made to simulate cleansing in 4 washing ma- 
chine. The upper and lower pairs of values are on cups of slightly different color from manufacturer 8, 
and from a1 separate shipment. 
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Creamer, 


flm of colloidal silica which might have formed. Also, in three 


any aie ° ‘ 
aces, the dithizone extraction was made, after this fourth test, on an 


aliquot portion of the same solution. The washing had no marked 
effect on the solubility. The graphs (fig. 7, left) indicate also that 
the susceptibility of the tangerine glazes to acid attack will increase 
with continued use, but that this increase (by the H,S test) may not, 
necessarily, mean ® proportionate increase in the lead taken up by 
‘he acid (dithizone extraction). As mentioned previously, the differ- 
ence in the amount of dissolved lead, as determined by these two 
nethods, has not been accounted for. 

~ Figure 7 (right) shows the results of four successive tests by method 
on green glazes from two manufacturers, and again with and without 
intermediate washing. The first acid treatment has reduced the 
amount of “‘lead” extracted (H,S test) to not over 2 parts per million, 
supporting the results given in figure 6. It will be recalled that test 1 
is a comparatively mild treatment compared with tests 5 and 7. 
Therefore, these two tests were repeated on two cups (Brand A). For 
test 5 the lead extracted dropped from 26.0 to 6.5 parts per million; 
for test 7, from 24.5 to 5.9 parts per million. It was further suggested 
that a treatment in an alkaline bath, such as ware is subjected to in 
commercial washing machines, might break down the glaze sufficiently 
to counteract the effect of the acid wash. Repeat tests were made on 
cups with an intermediate treatment in 2-percent trisodium phosphate 
sjlution at 50° C for 1 hour. The results (fig. 7, right) show that the 
alkali had little, if any, effect. 


V. DISCUSSION 


This discussion deals primarily with the extent to which the results 
obtained have met the purpose of the work as outlined in section II. 

The “tentative test” (No. 1, table 1) appears to be satisfactory with 
regard to possibility of duplication in different laboratories, as illus- 
trated by the following: 

Case 1.—A sample of cups tested at the National Bureau of Stand- 
ards lost 3+, 3—, 2.5, and 2.5 parts of Pb per million parts of reagent, 
respectively. Cups in a duplicate sample submitted to another lab- 
oratory were reported as losing between 2.5 to 3 parts. 

Case 2.—Average values obtained at the Bureau for four glazes from 
one manufacturer were: Tangerine 4+, green 1+, yellow <0.5, and 
blue <0.5. Values obtained by the manufacturer in the plant 
laboratory were: >>3, >1, <0.8, and <0.8, respectively. 

That determinations on individual specimens of a sample differ may 
reasonably be explaimed by actual differences in the glazes, as shown 
by the data in figure 5 (left) and by similar differences obtained with 
the other test methods. 

Correlation of results obtained with laboratory tests (Nos. 1, 2, 14, 
and 15) and those designed to represent conditions in home use (Nos. 
3 to 13, incl.) show that the former group of tests adequately deter- 
mine the lead which might be taken up by fruit juices and jams. 
They do not, however, give a satisfactory measure of the lead which 
might be found in weak acid solutions, such as vinegar or lemonade, 
alter 2 days of contact at ordinary temperatures (tests 5 and 7); test 
16 was more severe for some colors and less so for others. 
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The proposed “‘solubility limit” in the ‘tentative test” of not oye 
2 parts of Pb per million parts of reagent should be considered ,. 
purely arbitrary until a decision on the matter is made by the pro " 
State or Federal agencies. It is believed desirable, also, to substituts 
a solution containing 0.5 percent of citric acid and 0.25 percent of vel. 
tin for the white, distilled vinegar (nominally 5-percent acetic acid 
at present specified for the tentative test. 

The H,S test for lead and the ammonia test for copper are belieya; 
to give values accurate within +0.5 part per million for solutions ¢9p. 
taining not over 6 parts. The H,S will precipitate also, in weakly 
acidic solutions, any copper, antimony, or tin which may be presey; 
and this fact must, of course, be taken into consideration wher 
evaluating results. For example, figure 6 shows that the precipita: 
obtained after the second and third treatments of a typical gree 
glaze was almost entirely copper sulfide. : 

Whether one glaze will constitute a health hazard and another wij} 
not is still a moot question. Nevertheless, it may be said of the 
typical glazes covered in this investigation that, with one and possibly 
three exceptions, they very probably will not, provided the manufac. 
turer exercises a modicum of care in their preparation. The first ey- 
ception is the tangerine glaze from which organic acids extract quan- 
tities of lead detrimental to health, as judged by the best available 
medical records. Furthermore, this condition does not improve wit} 
continued use and may actually be aggravated. The two possible 
exceptions are the dark blue and the maroon, for which values are 
shown in figure 1. Whether or not these glazes will improve wit) 
repeated use was not determined. 

Although a green glaze precipitated this study, the results of the 
investigation indicate that its use is not dangerous under certair 
conditions. There is reason to believe that the lead and copper dis- 
solved by weak acids from many green glazes as they come from the 
kiln are a health hazard. Fortunately, this high solubility appears to 
be a surface condition. The results in figure 6 (which were, inc- 
dentally, obtained with the least resistant of the green glazes “in pro- 
duction’’) show that a preliminary acid wash will reduce the lead 
absorbed during test 1 to a few tenths of 1 part per million and, 
probably, to not over 6 parts per million during the severe conditions 
of tests 5 and 7. This does not seem to warrant much concern, but i! 
would seem preferable to use copper-free stains for the green glazes. 
These glazes do constitute a potential danger, and every precaution 
should be exercised to assure their harmlessness to the user. 


The authors acknowledge the assistance of the U. S. Potters Asso- 
ciation and the six cooperating companies for material furnished and 
for information regarding their manufacture, and to W. B. White o/ 
the Food and Drug Administration and R. R. Sayers of the U. 5. 
Public Health Service for helpful suggestions. 
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DENSITY OF SOME SODA-POTASH-SILICA GLASSES AS A 
FUNCTION OF THE COMPOSITION 


By John C. Young, Francis W. Glaze, Conrad A. Faick, and Alfred N. Finn 


ABSTRACT 


Certain relations between the specific volume and composition of glasses of the 
soda-silica series have previously been reported. Additional glasses were made 
» the same series and also in the potash-silica and soda-potash-silica series. The 
classes were analyzed and their densities measured. Analysis of the new data 
suggests that the specific volume-composition relations change definitely at 
compositions approximating those of eutectics, instead of at those of simple 
molecular ratios, as previously reported. 
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I. INTRODUCTION 


The densities of 37 soda-silica glasses, containing from 13 to 50 
percent of soda, were reported in a previous publication [1],! and cer- 
‘ain relations between specific volume and composition were suggested. 
Since those data were published, many new glasses in the same range 
of composition have been made. These, together with all of the former 
glasses still available for further experimentation, constitute a new 
series Of 50 soda-silica glasses whose densities and compositions are 
given in the present report. This report also includes data on 66 
potash-silica Janes varying in composition from 17 to 40 percent of 
potash, and on 78 soda-potash-silica glasses whose compositions were 
distributed throughout the field between the composition-ranges of 
the two binary series. All the glasses were given the same heat 
treatment, which treatment differed materially from that described 
in the earlier report. 

Study of the new data, which are considerably more numerous as 
well as more reproducible than those previously reported, indicated 
the desirability of some revision of the conclusions based on the 
previous data. In addition to presenting the new data, therefore, the 
present paper replaces that part of the earlier one which dealt with the 
soda-silica glasses. 

—— 


' Figures in brackets indicate the literature references at the end of this paper. 
132431—39-—-6 453 





454 Journal of Research of the National Bureau of Standards 


Vol 


II. PREPARATION OF THE GLASSES 


The reader is referred to previous publications [1, 2] for a descrip 
tion of the methods of preparation and analysis, and determination Of 
density of the glasses. 

“Weathering” of some of the soda-silica glasses remaining from th, 
original series was found to have occurred when these specimens so 
examined for inclusion in the new series. This weathering appeare 
to be merely a surface effect, however, and in each case tried thp 
original density of the glass was restored (which implied that th 
‘interior composition” had not been changed) by removal of thy 
surface to a depth of about 1 mm by grinding with carborundum and 
water. The use of water proved satisfactory provided the glasses 
were dried immediately after grinding. For most of the glasses tl 
procedure was to grind off the surface twice or more immediate; 
lidlowing heat treatment, measuring the density after each grinding 
until no further change in density was noted. The densities of the 
few glasses which had been “reconditioned” by grinding before beg: 
treatment were measured directly after heat treatment. These dey. 
sities remained unchanged by subsequent grinding. 


III. HEAT TREATMENT 


In the previously reported work, each glass was held for an hour 
at approximately its highest ‘annealing temperature.” Subsequent 
experience indicates, however, that insufficient knowledge and control 
of the rates of cooling from these temperatures had introduced errors 
which would hinder a satisfactory evaluation of the data. In an effort, 
therefore, to develop a method for giving reproducible and “com. 
parable’” heat treatments, five different heat treatments were applied 
successively to each of 11 glasses (indicated by the symbol © in figure 
4) representative of the entire field of compositions studied. The heat 
treatments (represented schematically) and the densities after exci, 
treatment (tabulated directly beneath the respective schematic curves 
are given in figure 1 in the order in which the heat treatments wer 
applied. 

1. DEVELOPMENT OF FIGURE 1 

The “critical temperatures’ and ‘softening temperatures’ were 
determined for each glass as described in a former paper [11]. The term 
“critical range’, as used herein, may be defined as a temperature 
interval (for each glass) above and below which large variations in 
cooling rate did not appreciably affect the final, or room temperature, 
density. An indication of the practical limits of this range is given 
below in the discussion of results of heat-treating experiments. 

In treatments 2, 3, and 5 the glasses were necessarily treated indi- 
vidually since the critical temperature, softening point, and critical 
range are different for each glass. The difficulties involved in the in- 
dividual treatments are, however, such that the results obtained are 
merely indicative. First, the various critical temperatures, etc., can- 
not be determined with assurance; and second, the extreme nature of 
the quenching process is such that no single experiment could be re- 
peated in every detail. For treatment 1, however, in which it was 
4 The word “com rable’, as used here, is intended to convey the idea of a common basis for comparison 


of the densities of g of different compositions so far as the densities may be affected by diflerences in 
heat treatment. 
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desired to maintain the cooling rate constant, and the same for all 
vjasses, not only through the ——— critical ranges but also for a 
~onsiderable temperature interval on either side, these two difficulties 
vere largely obviated by cooling all the glasses simultaneously in a 
‘race Whose cooling rate was essentially constant through a tempera- 
wire interval (550° to 300° C), which included by a fairly wide margin 
ihe critical range of every glass to be treated. For treatment 4 the 
Jysses were similarly treated except that a different furnace (one 
having a much greater cooling rate) was used. All glasses made for 
this investigation were given treatment 1, whereas the 11 glasses for 
which data are given in figure 1 and, in addition, 14 soda-silica, 12 
potash-silica, and 7 soda-potash-silica glasses were selected for treat- 
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302 || 2.5205 25/8) | 25178 

| 317|| 2.3435 | 2.3379 | 23407 | 2 3407 
| Densities | 319) 2.5087 | 2.4992 | 2.5044 | 2.4990 
| esuling | 330) 2.4868 | 24827 | 2.4869 | 2.4833 
| Loch |336) 2.4502 | 2.4458 | 2.4473 | 2.4460 
_ tredimer | 546|| 2.4469 | 2.4429 | 24451 | 24445 
| — 356|| 24! | 24084 | 24092 | 2.4084 
‘consecutively |363\| 2.4348 | 24299 | 2.4930 | 2.4303 


\/o the same) 367|\ 2.4066 | 2.4005 | 2.4055 | 2 4028 
| specimen 











of ede» \37!\| 2.3935 | 2.3866 | 2.3907 | 2.3899 
|__ glass 377 || 2.3227 | 2.9205 | 23228 | 2.3200 























Ficure 1.—-Schematie cooling curves for each of the 11 glasses, with densities resulting 
from each treatment shown at the base of the corresponding curve. 


&, softening temperature—different for each glass; C, critical temperature—different for each glass. The 
curves are not drawn to scale. 

ment 4. Complete density data for these two treatments are included 

in table 1. 

It is noteworthy that the density of a specimen after treatment does 
not depend upon the size of the specimen, providing size, as such, is 
not a factor in determining the rate of cooling (as, for instance, when 
the specimen is quenched in air). For example, it was found that, a 
46-¢ block of borosilicate crown glass (density approximately 2.51) 
and some small chips of the same material, each chip weighing about 
(.2 ¢, had within experimental limits the same density after having 
been cooled simultaneously at about 70° C per hour from above the 
critical range. The density of the chips was measured as a composite 
sample. When the same specimens were quenched in air from the 
temperature just indicated, the large block had a considerably greater 
density (A=0.0050) than the small chips, the “free’’ cooling rate of 
the former necessarily being much less than those of the chips. 
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TaBLE 1.—Density and composition for 194 soda-potash-silica glasses 
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Composition Density Composition Density 

} 
| ‘Peg page 
SiO, K:0 | Pl 
| 








Glass Glass 


number! “c= number! 
SiO; | Na;O Treat- | Treat 


ment 1| ment 4 | Trest. 





WG % 
2. 5676 : _..| 31.90 | 2.413] 
. 21: 38 31.40 | 2.4108 | ~ 
31.14 | 2.4086 | 
30. 83 | 2.4074 
30. 68 | 2. 4064 
| 


30. 50 | 2. 4046 

30. 23 | 2.4047 

29.89 | 2.4015 | 
29. 65 | 2.3994 |" 
29,42 | 2.3984 |" 


29. 36 | 2.3972 | 
29.07 | 2.3966 
8.65 | 2.3997 
28.55 | 2 3940 
28.35 | 2.3929 | 7” 


28.33 | 2.3923 
28.32 | 2.3928 | 
2. 3888 | 
2. 3884 
2. 3891 | 


2. 3886 | 
2. 3874 | 
2. 3868 

2. 3862 

2. 3850 


2. 3840 |. 
2. 3828 |_ 
2. 3830 |_. 
2. 3815 |... 
2. 3807 |_. 


12 


38 
39 (25)...-. 
40 (26)..--- 


2. 4279 
2. 4242 
2. 4185 
2. 4166 


1 Figures in parentheses are the nuinbers of the same glasses in the earlier density paper. 
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Density and composition for 194 soda-potash-stlica glasses—Continued 
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The size of the specimen does, however, affect the accuracy to which 
the density may be measured. In general, the sizes of the specimens 
were such that the experimental error in density varied from about 
-0.0002 to +0.0004. The 11 specimens used in the several heat- 
treating experiments, however, were so selected as to be of nearly the 
same size, in order that the results of the quenching experiments might 
be comparable. 


2. RESULTS OF HEAT-TREATING EXPERIMENTS 


It will be noted that for any given glass the two densities resulting 
lrom treatments 1 and 5, respectively, are essentially the same, al- 
though the cooling rates were alike only through a temperature interval 
between approximately 25° C above to 50° C below the critical 
temperature. It may be said, therefore, that this interval includes the 
critical range as defined above. Although no attempt was made to 
determine the limits for this range more closely, it is interesting to note 
that considerable increase in the density of a given glass over that 
found by quenching from the softening temperature (treatment 2) was 
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obtained merely by heating the glass rapidly to the critical temperaty 
and immediately quenching it in air (treatment 3). In 3 of tho}; 
cases, the densities increased enough to equal those resulting fp, 
treatment 1. pili 

From a comparison of the results of treatments 4 and 1, respectiyoly 
it was found that the difference between the corresponding specji, 
volumes (V, and Vj) is a linear function of the percentages of soda () 
and potash (Z) (no serious error was introduced in assuming the facto; 
for silica (A) to be zero). Specifically, for each glass 


V,— V,=(1.6B+2.5£) x 1075 


The individual deviations from this expression were found not t 
exceed the errors incident to the measurement of specific volume: 
Thus, it follows (provided the cooling rate is constant, and the sume 
for all the glasses, through their respective critical ranges) that the 
actual rate used does not determine the character of the surface 
showing the relationship between specific volume and composition, 
nor establish the existence or location of “critical points” such 4; 
those noted in the following sections. For if 


V; =f; (A,B,£), 


W=h (A,B,E)+ (1.6B+2.5F)X 1075, 


and at any given composition the rate of change of slope is the same 
for both surfaces, as the second derivatives are identical. Since the 
two cooling rates used are wholly arbitrary, it is reasonable to infer 
that a similar relation would hold had some other rates been chosen, 
For the purpose of correlating specific volume with composition, the 
specific volumes used were those resulting from treatment 1.‘ 


then 


IV. EVALUATION OF THE DATA 


In figure 2, specific volume, V (=1/D), is plotted as a function of 
silica content for the potash-silica (A) and soda-silica glasses (5), 
as well as for a short series of lithia-silica glasses (C) discussed in the 
next section. For a closer study of these data, in order to determine 
the type of function which would best represent them, the points 
were replotted as in figure 3, the ordinates (AV) representing, for 
each binary series, the departures of the observed V-values from the 
respective straight lines a and 8, indicated in figure 2. 


§ Specific volume is, of course, determined from the same measurements as density—weight and volume 
=e 1, and also in table 1, density, being the more familiar quantity, is recorded rather than specific 
volume. 

‘The densities of the soda-silica glasses reported by Morey and Merwin [3], which were “annealed to 
maximal density’, correspond very closely to those obtained from treatment 1, except in the very low sods 
range of composition. In this range the densities of our glasses were lower. After table 1 was prepared, the 
14 soda-silica glasses used in treatment 4 (see table 1) were re-treated by the same procedure, except thats 
cooling rate of about 2° per hour was used. The resulting densities were as follows: 


(4) Devitrified. (21) 2.4992. (34) 2.4587. (41) 2.4307. (45) 2.4059. 
(5) 2.5312. (30) 2.4752. (37) 2.4468. (42) 2.4168. (49) 2.3336. 
(13) 2.5120. (32) 2.4697. (40) 2.4381. (43) 2.4179. 


As was expected, these densities are greater than those resulting from treatment 1. The new densities, 6 
though remaining lower than those of Morey and Merwin for glasses containing less than about 23 percent 
of soda, were somewhat higher than theirs (in the order of about 0.003) for glasses containing more than about 
27 percent of soda. 
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Certainly none of the simpler types of curves would be adequate for 
representing these data since, from figure 3, the best fit appears to be 
provided for each series by a line undergoing a “deflection” (that is, a 
rapid, although perhaps “continuous,” alteration in direction) through 
och of two narrow ranges of composition, while remaining relatively 
straight outside these ranges.° For the purpose of simplicity in 
expressing this fact mathematically, it was decided that three straight 
lines could be fitted to the points of each binary series, the intersections 
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Figure 2.—Specific volume of A the potash-silica, B the soda-silica, and C the 
lithia-silica glasses plotted against the percentage of silica. 


of these lines representing the deflections in the “true” function—in 
whatever way that function should “properly” be expressed. 

The dashed lines in figure 3 for each series represent the maximum 
expected deviation on either side of the ‘“‘best-fitting” straight lines 
(the constants of which were evaluated as part of the correlation of the 
ternary relations described below), taking into account only the esti- 

‘In the previously mentioned report by Morey and Merwin the “smooth curve,” which they have 


drown through their density-composition (and also their refractive index-comporition) points, exhibits 
Similar characteristies—a fact made sharply evident by plotting the first derivative of their curve. 
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mated maximum error in making the chemical analyses (expresgj}), 
as+0.2 percent SiO,), and in the measurement of specific volume 
(+0.0001). The fact that only three or four points in each series jj, 
outside these limits is further indication that the method of hes; 
treatment is reproducible. " 

To determine the relation between specific volume and compositiy, 
of the soda-potash-silica glasses, their compositions were plotted oy ; 
triordinate diagram (fig. 4). Then several lines of constant 7 
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Figure 3.—Departures (AV) of the observed specific volumes of A the potash-stica 
and B the soda-silica glasses from the corresponding straight lines a and } w 


figure 2. 


A’ and B’ are the corresponding liquidus curves, taken from references [3] and [4]. 


(specific volume) were obtained by first interpolating graphically 
each selected constant V value between several appropriate pairs 0! 
neighboring points, and then sketching a smooth line through each 0! 
the sets of interpolated points representing the same V value. Th 
trend and separation of the constant V lines thus drawn revealed that 
the over-all surface, representing the variation in specific volume wit! 
composition, divided itself into several relatively flat regions of ii 
ferent slopes. Accordingly, each region was treated arbitrarily as 8 
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plane of the form V=aA+)B+eE, in which A, B, and E are the per- 
ventages of silica, soda, and potash, respectively, and a, 6, and e are 
constants which are different for each region. ‘The constants were 
evaluated for each region by the method of least squares, using the 
foregoing graphic representation as a guide for the appropriate group- 
‘ng of the points. The data for the two binary series were, of course, 
so included in these calculations, but the points are not recorded on 
‘he triordinate diagrams. The constants thus derived are shown in 
‘able 2 and are given to 51077 in order to avoid numerical errors in 
the “computed specific volumes” as great as the error in measuring 








_ 100 
5/02 
Figure 4.—Compositions of the soda-potash-silica glasses and the boundaries (solid 
lines) of the various planes (numbered as in table 2) representing the surface on 
which the specific volumes lie. 


Dotted lines are the boundary curves of the phase-equilibrium diagram. Points in circles identify the 
glasses used in the heat-treating experiments outlined in figure 1. 


specific volume. The statistical error in the constants themselves is, 
of course, much greater than 5107’. 
Simultaneous solutions, by pairs, of the equations of adjacent planes 











| 1 Md . . . * 
cally yielded the lines of intersection of the planes (shown by heavy lines, 
rs of TM fig. 4), 
ne TABLE 2.— Numerical value of constants for the different regions 
i\e — en - eels oiaie iene smnegiiaaidecasiotieatadeadiganacaadaianbne 
| | 

that Constant X100 | Region>1 2 3 4 5 | 6 | 7 | 8 

with — — i A ae a ee 
f dil- He... 0.428 00 | 0.437 10 | 0.45400 | 0.44105 | 0.448 35 | 0.44165 | 0.44785 | 0.45400 


as a - 348 60 | .33265 | .28295] .32055 | .29960] . 29085 . 273 20 - 265 15 
7 oe - 35890 | .33915] .30800] .35075 . 33400 | .35625 | .342 50 . 322 85 
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It is not the authors’ contention, however, that physical significan, 
is necessarily to be attached to the system of planes as derived hor 
that the individual deviations represent merely experimental ¢; 
random errors. On the contrary, iP by an examination of the mao. 
nitude and distribution of plus and minus departures from the ¢q). 
culated surface (recorded in fig. 5), the reader is enabled to form sony 
conception of what the “true” surface would be, making due allowano, 
for experimental error, then the solution here presented has fulfilJo; 
its chief purpose. If the latter viewpoint is taken, then the fact th; 
a different number of parameters or some other grouping of the 
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Fiaure 5.—Relation between specific volume and composition of some soda-potash- 
silica glasses. 


Observed specific-volume values lie on (@), above (@), or below (©), the computed surface, by the amounts 
indicated, times 10 ~*. Density deviations equal approximately six times these amounts. 


oints would lead to a different statistical solution becomes of minor 
importance, since the discrepancies between two such solutions would 
be compensated for by a correspondingly different pattern of depar- 
tures. That is, the “true” surface conceivably would be indicated 11 
either case. To the authors, the calculated surface here presented ist 
very good approximation to the “true” surface in view of the con- 
parative absence of systematic deviation. 


V. DISCUSSION 


If the specific volume-composition relations are compared to the 
liquidus curves of the appropriate equilibrium diagrams presented by 
Kracek [4, 5, 6, 7], one finds a surprising, if not significant, correspond- 
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yous io) Density of Some Soda-Potash-Silica Glasses 3 
once. Ln the case of the soda-silica data (B, fig. 3), the two deflections 
oecur at or near the eutectic compositions (See B’, fig. 3, at 63 and 75 
percent SiOz). In the potash-silica data (A, fig. 3), the deflection 
at 69 percent SiO, adequately reflects the eutectic at this composition 
cee A’, fig. 3). The other deflection occurs at about 76 percent 
si0,, and appears to correspond, not to the ‘‘true” eutectic (which is 
at about 72 percent SiOz), but to the minimum point along the 
metastable cristobalite liquidus curve, which point is found under 
conditions more nearly comparable to the glassy state than those 
ynder which the “‘true’”’ eutectic composition is found. 

Concerning the soda-potash-silica data, the deflections (represented 
as ines of demarcation, fig. 4) correspond roughly to the boundary 
curves of the equilibrium diagram (dotted lines, fig. 4) connecting 
the eutectic compositions (small triangles, fig. 4) or other invariant 
yoints. 

"The plot of the specific volume-composition data thus far obtained 


on the lithia-silica glasses (C, fig. 2) 1s included here only for com- 
' parative purposes, since this phase of the work is far from complete. 
| The two deflections—at about 78 and 82 percent SiO,—are, however, 


the most pronounced observed for any series of glasses studied at this 
Bureau. The deflection at 82 percent SiO, corresponds to the eutectic 
at that composition, but the equilibrium diagram does not indicate 
a “critical composition” at 78 percent SiQs. 

A series of 10 boric oxide-silica glasses was reported by Cousens and 


Turner [8]. They plotted density as a function of composition and 
concluded that these data should be represented by a “smooth curve’’ 


1 


showing no deflections—an apparent contradiction to the interpreta- 
tion just given concerning our own data. It appears, however [9], 
that the eutectic, if any, in the boric oxide-silica system would occur 
very near to 100 percent B,O;, so that the existence of a corresponding 


' deflection in the density-composition line could not easily be demon- 


strated, even if one were expected. Of interest, furthermore, is the 
fact that, when the specific volumes instead of the densities of their 
classes are plotted against the compositions, the points are found to 
lie upon a single straight line connecting the specific volume of vitreous 
silica (0.4540) with that of vitreous B,O;, using for the latter the value 


; 0.5440 as computed from the dens'ty reported by the same laboratory 


ina subsequent paper [10].® 
VI. SUMMARY 


The foregoing presentation may be briefly summarized as follows: 

|. Data are presented on the density and composition of 194 glasses 
in the ternary system soda-potash-silica. 

2. A reproducible and, it is felt, consistent method of heat treat- 
ment is described which, when applied simultaneously to all the glasses, 
results in the cooling of each dacs at the same rate through its own 
“critical range” as defined. 

_3. A study of the data presented does not indicate that there is a 
simple relationship between specific volume and composition, but 
that the relation is best expressed by a system of planes in a three- 
dimensional triordinate diagram whose intersections correspond fairly 
well to the boundary curves and eutectic compositions indicated by 


_—_—_—— 


‘In that paper, the value reported in the earlier paper [8] was sald to have been erroneous. 
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the equilibrium diagram of Kracek. The correspondence js very 
close for the soda-silica and potash-silica data, but it is only approx 
mate for glasses containing all three constituents. a 

4. Data on the specific volume of 10 lithia-silica glasses are pre 
sented graphically. is 
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VOLATILIZATION OF METALLIC COMPOUNDS FROM 
SOLUTIONS IN PERCHLORIC OR SULFURIC ACID 


By James I. Hoffman and G. E. F. Lundell 


ABSTRACT 


Distillation from perchloric or sulfuric acid solutions, during the gradual addi- 
tion of hydrochloric or hydrobromie acid to the hot solution (200° to 220° C), 
' was undertaken to obtain information on the volatility under these conditions of 
elements that might be encountered in chemical analysis. It was found that, if 
proper conditions are established, antimony, arsenic, chromium, germanium, 
osmium, rhenium, ruthenium, and tin can be quantitatively distilled from per- 
chloric acid, and germanium, arsenic, selenium, tin, antimony, and rhenium from 
sulfuric acid solutions. Certain others, as bismuth, boron, gold, molybdenum, 
tellurium, and thallium, may be lost in part from either perchloric or sulfurie acid 
solutions. From the information obtained, certain precautions against uninten- 

tional losses are evident, and certain possible separations of elements are indicated. 


CONTENTS 


I, Introduction_-- -- 
II. Experimental Work 
III. Discussion ef results 

1. Separation of chromium 
2. Separations of other elements___._ ~~ ---- 
3. Losses that may cause errors in analytical procedures 


I. INTRODUCTION 


Volatilization as chromyl chloride, CrO,Cl,, has been employed by 
Smith as a means of eliminating chromium in determinations of 
manganese, nickel, and vanadium, in steels containing high percent- 
_ages of chromium. Certain other chlorides, notably those of anti- 
mony, arsenic, germanium, mercury, selenium, and tin, are likewise 
known to be volatile at or below 200° C, the temperature at which 
chromyl chloride is distilled. The present work was undertaken to 
obtain further information on the elements mentioned, as well as on 
other elements that might be encountered in chemical analysis. In 
this, two distinct purposes were kept in mind. The first was to find 
possible separations of elements that can not be separated by distilling 
ut temperatures below 200° C. The second was to obtain information 
on elements that might be lost unintentionally when solutions are 
evaporated with perchloric or sulfuric acid in such operations as de- 
hydration of silicic acid or expulsion of fluorides. Distillations with 
hydrobromic acid were included because they are sometimes used, 
ind because certain bromides are even more volatile than the corre- 
sponding chlorides. 

‘Fred Wilson Smith, Ind. Eng. Chem., Anal. Ed. 10, 360 (1938); and Chemists U. 8. Steel Corporation, 


~ampling and Analysis of Carbon and Alloy Steels, p. 70, 77, 132, and 157, (Reinhold Publishing Co., New 
York, N. Y., 1938 ed.) 
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Volt 
II. EXPERIMENTAL WORK 


In Smith’s procedure the steel is dissolved in an Erlenmeyer flask 
a mixture of hydrochloric and perchloric acids, and the chromium ;, 
oxidized to the sexivalent state by heating the solution until copio), 
fumes of perchloric acid are evolved. The chromium is then yolg4)). 
ized as chromy] chloride by adding successive small portions of sodjy; 
chloride or hydrochloric acid to thp 
hot solution. At least 99 percent oi 
the chromium is easily eliminated jy 
this way. 

In the present work, an Erlenmeye; 
flask was not suitable because jt Was 
desired to test the volatile portion 4s 
well as the residual solution in the 
flask. The distilling apparatus de. 
vised by J. A. Scherrer? is well suited 
for this purpose and has the added 
advantages that the hydrochloric oy 
hydrobromic acid can be admitted at 
any desired rate, that the temperature 
of the solution can be observed at ql! 
times, and that rubber stoppers, which 
might cause serious explosions, are 
avoided. The apparatus is illustrated 
in figure 1. The flask has a capacity 
of 200 ml, and the distance between 
the bottom of the flask and the outlet 
tube leading to the condenser is about 
15 cm. 

The following six types of distilla- 
tions were investigated: (1) Distilla- 
tion with perchloric and hydrochloric 

Figure 1.—Distilling apparatus. acids; (2) distillation with perchloric 

and hydrobromic acids; (3) distillation 
with perchloric, phosphoric, and hydrochloric acids; (4) distillation 
with perchloric, phosphoric, and hydrobromic acids; (5) distillation 
with sulfuric and hydrochloric acids; and (6) distillation with sulfur 
and hydrobromic acids. 

(1) Procedure for distillation with perchloric and hydrochloric acids— 
To facilitate rapid heating of the contents of the flask, and at the same 
time to protect the upper portion of the flask from excessive heating, 
the bottom of the distilling flask was placed over a 4-cm hole in a wir 
gauze with asbestos center. The distillate was collected in a beaker 
containing 100 ml of cold distilled water, so placed that the tip of the 
condenser D was slightly immersed. From 25 to 100 mg of the ele- 
ment under test, usually in the form of a solution of its chloride or 
perchlorate, was introduced into the distilling flask through 4; then 

?J, Research NBS 16, 255 (1936) RP871; 21, 95 (1938) RP1116, 
3 It should be remembered that at the temperatures used in this work perchloric acid is a powerful oridizin 


agent and may therefore react with explosive violence if it comes in contact with certain reducing substances, such 
as organic matter, 
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TaBLE 1.—Results obtained in distillations at 200 to 220° C 





| Approximate percentage volatilized from 20 to 100-mg portions by distillation with— 
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o gaa given in this column are those of the elements in the distilling flask at the beginning of the dis- 
Wiation, 

' This includes lithium, sodium, potassium, rubidium, and cesium. 

The results given here are those obtained by heating the sulfuric or perchloric acid solutions in the distill- 
ing flask to 200° C before admitting the hydrochloric or hydrobromic acid. During the heating, GeOs 
separated. By adding hydrochloric or hydrobromic acid to the solution before heating, separation of GeOs 
did not occur, and the germanium readily passed into the disti!late. 

‘Since pure hafnium was not available, this test was made by decomposing 2 g of cyrtolite and distilling as 
indicated. Spectrochemical tests showed that hafnium was one of the constituents of the mineral. It is 
supposed to contain 3to 5 percent of HfOs. 

* At 200 to 220° C no osmium was volatilized from the solutions containing sulfuric acid; however, at 270 to 
300° C the osmium was completely volatilized. 

* This includes scandium, yttrium, and lanthanum in addition to the rare earths, cerium, praseodymium, 
neodymium, samarium, europium, gadolinium, terbium, dysprosium, holmium, erbium, thulium, ytter- 
nee lutecium. A mixture in which all these elements were known to be present was used in this 

"In distilling from sulfuric acid, a few tests were made in which hydrochloric acid containing sulfurous acid 
was added tothe hot sulfuric acid solution in the distilling flask. This was done to keep the thallium in the 
Univalent state. No thallium was found in the distillates, whereas a little (about 1 mg) was always found if 
the thallium was first oxidized. 
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15 ml of 60-percent perchloric acid was added, and the stopcock y,,. 
closed. A moderate stream of dry carbon dioxide was admit; 
through tube # and bubbled through the solution in the distiljiy, 
flask. This swept the vapors from the flask into the condenser sa 
prevented bumping by keeping the solution agitated. After th, 
stream of gas was started, the contents of the flask were rapidly hesto, 
to 200° C with a Tirril! burner. The temperature was observed with 
a thermometer placed in the thermometer well of the flask. Hydyy. 
chloric acid, sp gr 1.18, from bulb A was now introduced through th, 
inlet tube beneath the surface of the hot solution in the flask at syeh, 
rate that the temperature remained between 200° and 220° ©, Aftoy 
15 ml of hydrochloric acid had been admitted, during the course of 9 
to 30 minutes, the distillation was stopped, and the distillate ay¢ 
residual solution in the flask were examined. . 

(2) Distillation with perchloric and hydrobromic acids.—The same 
procedure was used as in (1), except hydrobromic acid (the 40-pereey; 
reagent) was substituted for hydrochloric acid. 

(3) Distillation with perchloric, phosphoric, and hydrochloric acids. 
The same procedure was used as in (1), except 5 ml of sirupy phos. 
phoric acid was added to the contents of the flask before the solution 
was heated and the hydrochloric acid admitted. 

(4) Distillation with perchloric, phosphoric, and hydrobromic acids. 
The same procedure was used as in (3), except hydrobromic acid was 
substituted for hydrochloric acid. 

(5) Distillation with sulfuric and hydrochloric acids.—This corre. 
sponded exactly with (1), except sulfuric acid (sp gr 1.84) was sub- 
stituted for perchloric acid. 

(6) Distillation with sulfuric and hydrobromic acids.—This corr. 
sponded with (2), except sulfuric acid was substituted for perchloric 
acid. 

The results of the tests are given in table 1. 


III. DISCUSSION OF RESULTS 
1. SEPARATION OF CHROMIUM 


This work confirms the statement of Smith‘ that by distilling 
with perchloric and hydrochloric acids chromium can be satisfactorily 
separated from manganese in analyses of steels containing high per- 
centages of chromium. The amount of manganese volatilized is 
entirely negligible in any ordinary analysis. 


2. SEPARATIONS OF OTHER ELEMENTS 


Complete distillation can probably be obtained in a reasonable time 
with those elements in table 1 that have passed into the distillate to the 
extent of 50 percent or more, but such a procedure would most likely be 
impractical in the case of boron. 

The table shows that arsenic, antimony, and tin can be volatilized, 
and additional work indicates that a practical method can probably be 

4Ind. Eng. Chem., Anal. Ed. 10, 360 (1938). 
‘ Forexample, in determinations of manganese in 1-g samples of 18 chromium-8 nickel steel (NBS Standard 


Sample 101) after volatilizing the chromium as chromy] chloride, 0.559 and 0.553 percent, respectively, were 
obtained as compared with the certificate value, 0.555 percent. 
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: . rea Q sa f ac . ~ & 
Joped for separating small percentages of these from as much as 5 


of Jead, by distilling with hydrobromic and perchloric acids at 


»00° to 290 C. 


if the reactions of the neighboring elements in the periodic system 
» be used as a criterion, it should be possible to volatilize the element 
masurium by distilling with perchloric and hydrochloric acids, 

~ Selenium can be separated from many other elements by distilla- 
tion with hydrobromic and sulfurie acids ® (procedure 6). 

Rhenium can be separated from molybdenum by distilling from a 
mixture of perchloric and phosphoric acids to which hydrobromic acid 


Fis slowly added (procedure 4). In a distillation involving 0.25 ¢ of 


molybdenum, the presence of molybdenum was detected in the dis- 
tillate, but the amount w as less than 0.05 mg.” 

Since preliminary experiments indicated that molybdenum can be 
volatilized in part by distilling at 200° to 220° C with sulfuric and 
hydrochloric acids or with sulfuric and hydrobromic acids, additional 
distillations were made at temperatures as high as 300° C in an attempt 
to cet complete separation of molybdenum. These distillations were 
continued for at least one hour, and as much as 50 ml of the halogen 
acids was used. Even with these more drastic treatments, volatili- 
gation was far from complete. The use of dry gaseous hydrogen 


chloride with either perchloric or sulfuric acid likewise failed to effect 
sullicient volatilization to offer promise of a separation of molybdenum 
from such elements as tungsten or iron. 


’ 3. LOSSES THAT MAY CAUSE ERRORS IN ANALYTICAL PROCEDURES 


\n inspection of table 1 is sufficient to show that many elements may 


be lost entirely or in part in evaporations with sulfuric or perchloric 
acid in many of the usual analytical operations. The losses indicated 
for gold, bismuth, molybdenum, phosphorus, tellurium, vanadium, 
Fand thallium are small, but may cause serious error if the material 
‘being analyzed contains high percentages, as for example, gold in 


dental gold alloys. On the other hand, with the usual small amounts 
of vanadium in steels, the loss in distillations with perchloric and 


' hydrochlorie acids is seldom of any consequence. 


Loss of chromium during its oxidation with perchloric acid like- 


wise is of importance. If hydrochloric acid is present during the 


oxidation, chromyi chloride may be formed and volatilized. A slight 
loss of chromium may occur even if no hydrochloric acid is added 


| before or during the oxidation with perchloric acid, because hydro- 


chlorie acid is probably one of the products of the reaction when triva- 
lent chromium is oxidized by perchloric acid. In five experiments in 
which 0.1 ¢ of chromium as the sulfate was oxidized with perchloric 
acid and heated for 5 minutes at 200° to 220° C in the apparatus 
illustrated in figure 1, from 0.2 to 0.4 mg of chromium was found in the 


distillates. This probably is the chief cause for the slightly low results 


*Seealso A. A. Noyesand W. C. Bray, A Systein of Qualitative Analysis for the Rare Elements, p. 37 and 
2 lhe Macmillan Co., New York, N, Y., 1927). 

For the distillation of rhenium from phosphoric¢ acid solution, see W. Geilman und F. Weibke, Z. anorg. 
allzem, Chem, 198, 126 (1931). 


182481—89-——7 
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obtained in the determination of chromium by oxidation with p, 
chloric acid.’ Of interest is the action of phosphoric acid in seenae te, 
volatilization of vanadium, molybdenum, tin, and bismuth in the 
hydrochloric-phosphoric-perchloric acid series (procedure 3) i 
vanadium and molybdenum in the hydrobromic-phosphoric-per. 
chloric acid series (procedure 4). 


WasHINGTON, February 17, 1939. 


1G. E. F. Lundell, J. I. Hoffman, and H. A. Bright, Chemical Analysis of Iron and Steel, p. 208 (J. wy 
& Sons, New York, N. Y., 1931 ed.), and Chemists U. 8. Steel Corporation, Sampling and Analysis of Can 
bon and Alloy Steels, p. 70 (Reinhold Publishing Co., New York, N. Y., 1938 ed.). at 
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DETERMINATION OF PENTOSANS IN PULPS AND 
PAPERS 


By Herbert F. Launer and William K. Wilson 


ABSTRACT 


Arelatively rapid method for the determination of pentosans in pulps and papers 
ic described. A simple volumetric procedure was adapted to the analysis of the 
distillates for furfural. With minor changes, the simple method of distillation 
prescribed by the Association of Official Agricultural Chemists was retained, since 
a comparison, using a variety of pulps, showed that various other methods gave 
no higher yields of furfural. For example, distillation in a current of steam from 
yvdrochlorie acid nearly saturated with ammonium chloride greatly increased the 
vield of volatile material, perhaps hydroxymethy!furfural, from cellulose, but not 
of furfural from pentosans. The error due to volatile material other than furfural 
inthe AOAC distillates was found to be 0.9 percent, in terms of pentosan, for all 
of the usual wood pulps. This correction was determined by two independent 
methods, namely, fractionation of the distillates by redistillation, and study of 
the rates of evolution of volatile material. Experiments also showed that the 
volatile material from a typical cotton fiber arose mainly from substances other 
than pentosans. 


CONTENTS 


LAGOA CONS 2 oe ns De oh Be Coe ees ee eT ee 471 
Il. Experimental results and discussion 
1. Determination of furfural 
2. Comparison of methods of distillation, using pulps and papers 
COMUAIDING NOUUONANIB =... 2 855 ooo ee oe 
3. Recovery of furfural by simple distillation 
4. Volatile material arising from cellulose during the simple dis- 
tillation 
Ill. Method in detail 


I. INTRODUCTION 


The method generally used ! for the estimation of pentosans specifies 
distillation of the material with 12-percent hydrochloric acid until 
360 ml is collected in 120 minutes. The furfural in the distillate is 
then precipitated and weighed as the phloroglucide, from which the 
weight of the pentosan is calculated, using Kréber’s tables. Ordinary 
distilling apparatus, with water-cooled condenser, is used. A separa- 
tory funnel mounted above the distilling flask contains the acid which 
is added in portions during the distillation. This arrangement. 
with the simple modification of attaching the receiver to the end of 
the condenser by means of an adapter and rubber stoppers, will be 
referred to subsequently as the “simple” distilling apparatus. 

Both the distillation and the furfural determination have been the 
subject of much study. Pervier and Gortner,? among others, have 


Official and Tentative Methods of the Association of Official Agricultural Chemists, p. 344 (1935). See 
ulso Methods used at the Forest Product: Laboratory, Paper Trade J. 87, 67 (December 20, 1928). 
'N.C. Pervier and R. A. Gortner, Ind. Eng. Chem. 15, 1169, 1255 (1923). This contains a bibliography 
and a rather comprehensive discussion of the subject. 
471 
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suggested that furfural may be partially decomposed by the hot 
hydrochloric acid under the conditions of the distillation, and thers. 
fore, that the furfural should be removed as quickly as possible by, 
current of steam. Kullgren and Tyden* found a 3-percent |osc 
attempting to recover known quantities of furfural by distilling fro, 
hydrochloric acid saturated with sodium chloride to salt out the 
furfural. Kline and Acree ¢ found no essential difference between th 
results of steam and simple distillation. Recently, Hughes and Agrees 
reported quantitative conversion of xylose to furfural by distilling jp 
a current of steam from hydrochloric acid saturated with sodjyn 
chloride. 

Much of the work on the development of a method for determining 

entosans has been rendered difficult of interpretation owing to tie 
ack of a sufficiently simple and accurate method for estimating fy. 
fural. The use of phloroglucinol and other precipitants has many 
disadvantages other than those usually associated with gravimetric 
methods.2* Of the volumetric methods proposed, that used hy 
Powell and Whittaker,® with the modification by Hughes and Acree? 
appears to be the simplest and most accurate. In this method q 
known excess of potassium bromate-bromide is added to the cold 
(0 to 2° C) furfural-hydrochloric acid solution in a special side-aryy 
flask and the liberated bromine allowed to react for 5 minutes. after 
which the unused bromine is determined iodometrically. With this 
method the last-named authors were able to determine furfural 
within 0.35 percent, on an average, of the known amount. 

Various workers, especially Kullgren and Tyden, have shown that 
volatile compounds other than furfural, for example, hydroxymethy- 
furfural from hexoses, may be present in distillates from wood pulps 
Cunningham and Doree® report that the amounts of furfural and 
hydroxymethylfurfural obtainable from cotton may be varied by 
previous chemical treatments, their results being based upon the 
difference in solubilities of the phloroglucides. 

The present work was undertaken to adapt, if possible, the results 
of recent developments in the furfural determination and in the dis- 
tillation procedure to a simple and relatively accurate method for the 
determination of pentosans in pulps and papers. Steam distillation 
with ammonium chloride, which is much more soluble than sodium 
chloride in hot hydrochloric acid, and therefore may be more effective 
for salting out the volatile products, was investigated for possible 
increased yields of furfural from pentosans. An effort, furthermore, 
was made to determine the amount of volatile material arising from 
cellulose during the pentosan distillation, and to arrive at a value for 
the correction which would be generally applicable in determinations 
of pentosans in pulps and papers. 

4C. Kullgren and H. Tyden, Ing. Vetenskaps Akad., Hand]. 94, 3-62 (1929). 
4G. M. Kline and 8. F. Acree, BS J. Research 8, 25 (1932) RP398. 

8 Elizabeth E. Hughes and 8S. F. Acree, J. Research NBS 21, 329 (1938) RP1132. 
€W.J. Powelland H. J. Whittaker, J. Soc. Chem. Ind. 43, 35T (1924). 


1 Elizabeth E. Hughes and S. F. Acree, Ind. Eng. Chem., Anal. Ed. 6, 123 (1934). 
*M. Cunningham and C. Doree, Biochem. J. 8, 445 (1914). 
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II. EXPERIMENTAL RESULTS AND DISCUSSION 
1. DETERMINATION OF FURFURAL 


Known quantities of a standard aqueous solution of furfural ° were 
added to & solution of hydrochloric acid in 1-liter glass-stoppered 
reagent bottles, to make 350 ml of a solution, 2.7 N in HCL."° Two 
hundred and fifty g of crushed ice was added and after the temperature 
had fallen to —2° to 0° C, 20.00 ml of a 0.2 N solution of potassium 
hromate, containing 50 g of potassium bromide per liter, was added. 
The bottles were then closed and the contents thoroughly mixed. 
After 5 minutes, 10 ml of a 10-percent solution of potassium iodide 

as added. After the remaining bromine had been completely ab- 
sorbed, the liberated iodine was titrated with thiosulfate using starch 
indicator. Representative results are given in table 1, series 1 to 4. 
Series 5 is presented to show that essentially the same value for the 
amount of furfural in 20.00 ml of standard solution was obtained, 
using either ordinary reagent bottles or special sidearm flasks " in the 


determination. 
TABLE 1.— Determination of furfural 





Bromine used: . 

in terms of Furfural Pa — 
0.09931 N thio- found “value 
sulfate solution 


Series 





Milliliters Grams Percent 
26. 24 0. 1251 0. 

25. of furfural solution =0.1250 g ‘27 . 1252 3 
. 1253 





Average : ; 0. 1252 








0. 1001 
. 1001 
- 1001 





0. 1001 








0. 04991 
. 04991 
. 05019 








0. 05000 





i 0. 02493 
4, 5 ml of furfural solution =0.02499 g._...............-.---- . 02503 
2 . 02493 





Average. __ 7 0. 02496 -0.1 





. 9% 0. 09972 —0.2 
§. 0 ml of furfural solution =0.0997 g. (Special flask used.) -. ; . 1001 tl 
20. . 09982 -.2 





Average 0. 09988 —0.1 














iT} 
procuct. From the middle one-third fraction 9.997 g was then weighed out for 2 liters of solution. The 
mount of furfural lost by volatilization during the weighing was found to be 0.3 mg. 
t ial concentration of acid in the pentosan distillates in the procedure to he described is 2.7 N 
UK Further dilution by the melting ice and by the reagents added usually reduces the acidity 
N when the solutions are ready for titration with thiosulfate. 
beth E. Hughes and 8. F. Acree, Ind. Eng. Chem., Anal. Ed. 6, 292 (1934). These flasks have two 
'S to contain the bromate and iodide so that these reagents may be added without opening the flasks 
risk of losing bromine. Very little bromine is lost when the 1-liter glass-stoppered reagent bottles 
sed, however, provided that the stopper is replaced without delay after addition cf the iodide. Expert- 
S in which 20.00 ml of bromate-bromide solution was titrated under test conditions in both the side- 
sand the reagent bottles showed the average volumes 40.72 and 40.66 ml, respectively, of 0.1 
_Josulfate solution necessary. This loss, corresponding to 0.15 percent of bremine, results in an error which 
. unaller than the average deviation in table 1, provided that the blank is determined under test condi- 


¢ furfural was distilled under reduced pressure, 190 mm, at 118° C, to obtain an almost water-white 
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The use of crushed ice makes it possible to cool very quickly 4, 
0° to —2° C. This temperature interval appears especially favorable 
for limiting the reaction between furfural and bromine to a molar 
ratio of 1:1. The quantities of reagents used make the method applic. 
able to the analysis of the ordinary pulps and papers without the 
necessity of taking aliquot portions. 

It is to be noted that the precision shown in table 1 is actualjy 
much higher than is required for a pentosan method, inasmuch as an 
error of 0.1 percent in the amount of furfural corresponds to an error 
of 0.01 percent in the pentosan content of a material containing 1 
percent of pentosans. 


2. COMPARISON OF METHODS OF DISTILLATION, USING PuULps 
AND PAPERS CONTAINING PENTOSANS 


In order to compare the results obtained by simple distillation with 
those obtained by distilling in a current of steam from hydrochloric 
acid saturated with sodium chloride, the latter to be referred to sy. 
sequently as “distillation with NaCl+steam,” the simple distilling 
apparatus was used with certain changes. The 1-liter reagent bottles 
serving as receivers were connected by means of an adapter and rub- 
ber stoppers to the end of the condenser, thus forming a closed system, 
except for a small U-trap * containing 5 ml of water and glass beads. 
which was mounted in the rubber stopper of the receiver. In addi- 
tion to this, for the distillations with steam, a glass tube drawn out 
to a small diameter projected 1 cm below the surface of the liquid in 
the distilling flask, and admitted the steam from a large flask of 
boiling distilled water. Twenty grams of sodium chloride was added 
to the distilling flask. 

In the simple distillation, 1 g of pulp or paper was added to 100 ml 
of 12-pereent (3.5 N) hydrochloric acid in the distilling flask. During 
continual dropwise addition of more acid, 300 ml was distilled in 90 
to 100 minutes. It will be shown later that this is satisfactory for 
most cases; for the time being relative values only are required 
Fifty ml of water was then added to the distillate, and the furfural 
determination was carried out in the manner just described. When 
steam was used, the volume of condensate was 625+40 ml. Since acid 
had been added in the same amount and manner as before, the acid- 
ities of the condensates varied, which necessitated titration of a por- 
tion with standard alkali. Weight-aliquots were then taken and 
sufficient concentrated hydrochloric acid added to give 350 ml, 2.7 V 
in HCl, after which the furfural determination was made as before. 

The results of the distillations are listed in table 2 and show that 
the use of NaCl+steam produces higher “‘pentosan”’ values than the 
simple distillation in each case. On the basis of these results it seemed 
desirable to use a salt which is more soluble in the hot hydrochloric 
acid than sodium chloride. Accordingly, experiments were carried out 
in which 55 g of NH,Cl instead of 20 g of NaCl was used, but which 
were the same in all other respects. The results are given in table? 

1? Such a trap was recommended by Hughes and Acree, but was found to be superfluous in these pentosan 
distillations. In 12 distillations of material containing 11 to 19 percent of pentosans, corresponding to 0.! 
to 0.17 g of furfural, never more than 0.1 mg and usually 0.1 mg of furfural was found in the trap. Since 
this corresponds to some 0.01 to 0.02 percent of pentosans, and is of the same order of magnitude as the 
experimental error, such corrections may be neglected. If the condensate in the receiver is warm, either 
because of too rapid distillation or inefficient cooling in the condenser, it is possible that the higher vapor 


pressure of furfural in the receiver may cause low resu!ts if a trap is not used. The temperature of all con: 
densates in the present work was approximately 25° C. 
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and show that “pentosan”’ values in the distillations with NH,Cl+ 
eam are higher in every case than in the simple distillations or in 
those with NaCl+steam. Blank runs with the salts, but without the 
cellulose materials, showed negligible amounts of oxidizable sub- 
ances, less than 0.05 percent expressed as pentosan, in the dis- 
tillates. 

aie 2.—Comparison of the ‘pentosan” values obtained by using various methods 
of distillation 





Type of distillation 





Simple distilla- Sodium chloride with Ammonium chloride with 
tion steam steam 








Gain Gain 
over over 
simple simple 
(% pen- (% pen: 
tosan) tosan) 


‘“Pentosan” 
values 


“Pentosan” ““Pentosan” 
values values 


| | 
Percent | Average | Percent Average Percent Average 


2 a ee ce 
3.2 


errs 
— CO me 


special sulfite pulp 


Crooner 








a 
rena 





, soda-sulfite (1:1) paper... 


BE | eee 


| 
| 
| 
| 
| 


























* The fiber contents of these samples, after correction for moisture, ash, and resin were, in the order listed, 
0.92, 0.92, 0.91, 0.91, and 0.92 g, respectively. 


The gains shown in column 6 are not of the magnitude to be ex- 
pected if the distillations with NaCl+steam are instrumental in 
increasing the conversion of pentosans to furfural. Considering for 
the moment only the wood fibers, , J, and H, the gain for sample E 
is 10 percent, whereas the gains for samples J and H are 3.6 and 2.5 
percent, respectively. On the other hand, the gains correspond 
closely to those which would be expected if the distillation with NaCl+ 
steam had the effect of increasing the yield of such unstable compounds 
as hydroxymethylfurfural, the amount of which is a function of the 
cellulose rather than of the pentosan content. This is further brought 
out by the results with the rag (cotton) sample C, where the percentage 
gain as a pentosan product would be very high, but as a cellulose 
product would be in good agreement with the other results. 
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These points are emphasized by the results obtained by yj), 
NH,Cl-+steam. ‘The gains in volatile material, especially for samples 
C, I, and F, are obviously more related to the cellulose content ii 
footnote * of table 2) than to the “pentosan” content, which lati 
varied some sevenfold. 

There is, however, another method of deciding upon the cause of 
the gain in volatile material shown in table 2. Kullgren and Tydo, 
have shown that volatile material from glucose is completely destroved 
upon redistillation, under conditions essentially those of the simple 
distillation, but with sodium chloride in the distilling flask.  Furthoy. 
more, upon redistilling the distillate from a sulfite pulp, they foung 
that volatile material corresponding to 1.1 percent of pentosan wy 
destroyed, after applying a correction for losses of furfural. Sines 
furfural can be distilled with small, fairly constant losses, as Kullerey 
and Tyden have found, any greater losses upon redistillation of the 
distillates must be ascribed to the decomposition of volatile materig| 
other than furfural. 

The “simple” and the “NH,Cl+4-steam’”’ distillates from the two 
most common pulps, sulfite and soda, were subjected to repeated 
redistillation without steam or added salt. The distillates were 
weighed after each redistillation, and a weight-aliquot was taken for 
analysis. A small aliquot was also titrated with standard alkali for 
the purpose of determining how much hydrochloric acid and water 
were necessary to give the required acidity for analysis. The remainder 
was redistilled each time by adding 100 ml of it to the distilling flask, 
and allowing the rest to replace the distilling liquid by dropwise 
addition from the funnel. After the funnel was emptied in this 
manner, 110 ml of 12-percent hydrochloric acid was added dropwise 
and distillation continued until this also had been distilled. Thus, 
the volume of liquid in the distilling flask was always 100 ml. The 
final 110 ml of acid was shown by the work of Kullgren and Tyden 
to be necessary to complete the distillation of furfural. 

The results of such repeated redistillations are given in table 3 
The corrected values were calculated from the uncorrected values by 
taking into account the small losses of furfural itself during a distilla- 
tion. This method of calculation, and the magnitude of the losses of 
furfural for the type of apparatus used, will be dealt with in the next 
section. The results, both corrected and uncorrected, show that 
large amounts of volatile material far less stable than furfural are 
contained in the original distillates from the pulps. This is especially 
true for the NH,Cl+ steam distillates. The results also show that 
after one or more redistillations the unstable volatile material has been 
destroyed, and an essentially unchanging amount of stable volatile 
material, presumably furfural, remains, irrespective of initial “pen- 
tosan’”’ values. 

This confirms the previous conclusion that the higher “pentosan” 
values, obtained by distilling from salt solutions in a current of steam, 
are due to an increased vield of a volatile material other than furfural, 
probably hydroxymethylfurfural, from cellulose. 

It does not appear advisable, therefore, to replace the much simpler 
distillation now in general use in the pentosan determination by either 
the NaCl or NH,Cl+steam procedures. Furthermore, the use of 
such salts to salt out the volatile reaction products in this or simila" 
distillations should be followed by some method of identifying the 
components of the distillates. Kullgren and Tyden distingwshe 
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petween the volatile products by redistilling once, and a proposed 
method for the determination of pentosans * has been based upon 
their procedure ; but it is evident from table 3 that one such redistilla- 
‘on may not suffice for all cases. 


TABLE 3.— Effect of redistillation of ‘“‘pentosan”’ distillates 


{Percentage of “‘pentosan.’’ All redistillations by “‘simple’’ method] 








Sulfite pulp, Sample F 





Original 
distillate | First redistillation Second redistilla- Third redistilla- 
; as from of distillate tion of distillate tion of distillate 
Type of original distillation pulp 


| 
t 





Uncor- t Cor- 
rected a rected 
average * average 


Cor- oe Cor- 
rected : an on rected 
average average 


| 
Uncor- | 
rected | 
| 





4.0 





3. 68 
3.85 
3. 69 
3. 88 


ammonium chloride with 


steam . . 























Soda pulp, Sample F/ 





14. 59 | 
14. 60 \} 








Ammonium chloride with 


steam 














Cotton rag paper, Sample C 


0. 37 0.14 
. 26 0.3 . 33 0.2 
. 30 . 26 

















«The average values in this column were taken from table 2. 


The method used in this publication for calculating pentosan content 
is based upon the assumption of theoretical conversion of pentosans 
to furfural, and the expression is given in the last section. The 
methods of calculating pentosan content in use at the present time are 
based upon an assumed conversion of 80 percent, which is a purely 
arbitrary figure. It was never actually determined with pentosans, 
since no distillation with a pure pentosan has been reported but was 
taken as the approximate average of 88 and 74 percent, which are the 
observed percentage conversions to furfural of the respective pentoses, 
xylose and arabinose. Recently, Hughes and Acree reported 100-per- 
cent conversion of xylose to furfural, by use of the NaCl+ steam 
procedure. In the present work, it was found that neither this proce- 
dure nor one much more suitable for decreasing the decomposition of 
volatile material, NH,Cl+steam, was found to increase significantly 


——$_._.___. 


"Charles Doree, The Methods of Cellulose Chemistry, p. 367 (Chapman and Hall, Ltd. London, 1933). 
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the yield of furfural from pentosans. It appears, therefore, to be , 
sounder practice to assume a theoretical conversion of pentosans to 
furfural for the basis of calculation, since minimum pentosan conte 
is thereby attained. As a minimum value, a pentosan content my 
have a definite significance. 

The reproducibility of the method involving simple distillation js 
satisfactory. In applying this method to the routine an; alysi ‘of 
68 samples of pulps and papers at this Bureau, the average ug pate 
between duplicates was 0.16 percent of pentosan. The duplieat ability 
of the methods employing steam distillation is affected by the vari. 
tions in volume of steam passed. Such variations were diflicult to 
a which is reflected in the large variations in some of the results 
in table 2. 


3. RECOVERY OF FURFURAL BY SIMPLE DISTILLATION 


Known quantities of a standard solution of furfural were added to 
hydrochloric acid in the distilling flask, to make 100 ml of a solution, 
12 percent by weight in hydroc hloric acid. W hile continually adding 
more acid, 300 mi was distilled in 90 minutes in the simple distilling 
apparatus, after which 50 ml of water and 250 g of ice were added to 
the distillate, in which the furfural was then determined. The 
results given in table 4 show that the average loss in distilling amounts 
of furfural corresponding to the range of 4 to 19 percent of pentosan, is 
3.1 percent of the furfural taken for distillation. This loss is somewhat 
Jower than that found by Kullgren and Tyden, whose experiments, 
under similar conditions, showed a loss of 5 percent. They do not 
state, however, how the distillates were protected from air currents 
during the distillation, and the discrepancy can be explained by assum- 
ing that these workers used the usual method of allowing the distillate 
to drip from the condenser onto a paper filter held in a funnel. This 
is an ideal arrangement for causing volatilization of furfural, and was 
avoided in the present work. 


TABLE 4.—Loss of furfural during the simple distillation 








Furfural Furfural 
Series taken for found in 
distillation * distillate 


Loss of Loss of 
furfural] furfural 





Grams Grams Grams 
0. 125 2 0.1216 0. 003 6 
. 125 2 1215 . 003 7 
-1001 . 098 29 0018 
.1001 . O98 34 0018 
. 050 00 . 048 91 0011 
. 050 00 . 048 60 0014 
. 024 96 . 023 74 . 0012 
. 024 96 . 023 69 














Average 








® The values in this column are the same as the average determined values in table 1, column 3. 


As a matter of fact, however, high precision in the value of the 
correction is not necessary in ‘the. usual pentosan determination, 
because it has already been indicated that for a material containing 
10 percent of pentosan any error in the amount of furfural is only 
one-tenth as large in terms of pentosan percentage. 


“4 Performed by C. I. Pope. 
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The pentosan values in table 2 were not corrected for losses in fur- 
jyral, since the values evidently represent more than pentosans alone. 
qhis does not detract from their usefulness, however, since only 
rlative values were needed. a 
~The corrected values in table 3 were obtained by dividing the 
average uncorrected value by (0.976)", where n is the number of the 
vedistillation, either 1, 2, or 3. The figure 0.976 corresponds to a 
recovery of 97.6 percent, or a loss of 2.4 percent, the average loss upon 
distilling quantities of furfural in the range 0.05 to 0.125 ¢ of furfural. 
The average for this range, rather than the 3.1 average of table 4, 
was taken after it was observed that the use of the latter caused the 
values of table 3 to rise with succeeding distillations. This evidence, 
dovether with the fact that the percentage loss in the case of the small- 
et amount of furfural of table 4 is abnormally high, appears to warrant 
the omission of the latter from an average to be applied to redistilla- 
tions from soda pulp, Inasmuch as the amount of furfural involved 
therein, 0.10 g, is rather far removed from the smallest quantity of 
furfural listed in table 4. For the sulfite pulp, either average may be 
ysed without significant differences in individual values. To correct 
for furfural losses during a distillation from a pulp, however, the 
recovery may be taken as 0.97, since this is not raised to a higher 
exponential power, and leads to the approximate factor 1.03. 

By applying this type of correction, the amount of furfural in the 
orginal distillate may be calculated from the subsequent redistilla- 
tions. This is not strictly true for the first redistillation, since not 
all of the unstable volatile material had been destroyed at this point. 


4, VOLATILE MATERIAL ARISING FROM CELLULOSE DURING 
THE SIMPLE DISTILLATION 


€ 


The results in table 3 showed that volatile material from substances 
other than pentosans is included in the original ‘‘pentosan’’ distillates 
from common wood pulps, in the simple distillation procedure. By 
subtracting the values of the second or third redistillation from that of 
the original “simple”’ distillate, a difference of approximately 0.8 per- 
cent for both sulfite and soda pulps, calculated as a pentosan, Is seen 
to represent the unstable volatile material which is not furfural. The 
value of 0.8 is a minimum, since the values for the last two redistilla- 
tions may represent other stable volatile materials beside furfural. 
This value is in good agreement with that of 1.1 percent, obtained by 
Kulleren and Tyden using a sulfite pulp, inasmuch as these workers 
distilled from solutions of hydrochloric acid saturated with NaCl, 
which procedure yields greater quantities of unstable volatile material 
in the original distillate than the simple procedure used in the present 
work, 

The value of 0.8 appears to be a correction which could be applied 
to the results of simple distillations of wood pulps, in order to arrive 
ét a more nearly correct pentosan value. It would be desirable, how- 
ever, to check this value by an independent method. This appears to 
be possible by studying the rate of the simple distillation beyond the 
frst 300 ml, and then extending the rate data back through the first 
300-ml period. 

Accordingly, the distillation was subjected to further study. By 
continuing the addition of 12-percent hydrochloric acid and distilla- 
tion beyond the first 300 ml on a group of materials derived from wood 
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and cotton, it was found that additional volatile material waso} 
in all cases. In table 5 the roman numerals represent the distil}; 
fractions. The calculations were carried out as though all volatile 
substances had arisen from pentosans. Under I are listed the initial | 
values of the materials, obtained in the ‘“simple”’ distillation of 39 
ml in 90 to 100 min. The succeeding fractions were each 300 m| for 
the materials derived from cotton, and 150 ml for those derived froy, 
wood, distilled at the usual rate. The fractions were diluted to 350 ml 
with water and, whenever necessary, with hydrochloric acid helene 
the addition of ice and bromate-bromide solution. Distillation of y 
samples beyond the first 300 ml was continued until the amount of 
volatile material per 150 ml of distillate became of the same order of 
magnitude as the experimental uncertainty. 
The behavior of the wood pulps D, EF, and F, beyond fraction | 
and pulps G and H beyond fraction II, is in all cases so similar gs tp 
suggest that the volatile material in these fractions arose from the 
same source. The small differences between given fractions for the 
various materials are of the same order of magnitude as differences 
between given fractions of duplicate samples, not shown for the sake 
of clarity. Inasmuch as the amounts of cellulose present in the 
samples D to H were similar (see footnote a of table 5), as contrasted 
with the amounts of pentosans, it is very probable that the additional 
volatile material arose from the cellulose in the samples. On the 
other hand, it is extremely improbable that the fractions referred to 
represent pentosans, since that would require that the pentosan con. 
tent of each material, regardless of its orginal value, should reach g 
common value, other than practically zero, after 300, 450, 600, etc, 
ml of distillate. Only in the case of the two pulps containing relatively 
large quantities of pentosans, samples G and H, does it appear that 
small quantities of pentosans, 0.2 percent, remain unconverted after 
300 ml of distillate, and that even in these examples the fractions after I] 
are essentially the same as the corresponding ones of the other pulps, 


dined 


TABLE 5.—Results of continued “ simple”’ distillation with HCl of cellulose materials 
from cotton and wood 
[Expressed as percentage of pentosan ®] 
Distillate fractions:e I to VII=300 ml 





I (initial 


Samples values) 





A, cotton ® °_____ : 0. 67 0.45 0.33 
B, new white rag (cotton) paper > x . 68 .49 34 
C, new white rag (cotton) paper > | 75 . 65 .47 35 





Distillate fractions:* I=300 ml; II to ViI=150 ml 








D, special sulfite pulp 4 : : | 0. 46 0. 46 0. 38 | 0. 33 | 
E, special sulfite pulp 4_.....-..._- eS. | 2.86 | .44 .42 .40 | ~32 
fee ae ' | .44 .39 | 
G, unbleached sulfate pulp >._..-..--.---- | ° . 67 .42 | 31 | 
H, soda pulp._......---. Bo eee deta oel | b . 68 . 46 | 28 | 
! 


33 | 





® The calculations were based upon the weights of the 1-g samples, corrected for moisture, «sh, and resi, 
which thereby became as follows for samples A to HI, respectively: 0.93, 0.83, 0.92, 0.96, 0.92, 0.91, 0.87 and 
0.92¢g. Paper samples B and C were made from the same batch of cotton rags. Paper B contained 10 pr 
cent of clay filler. The expression used for the claculations is given in the section ‘Method in Detail, 
omitting the constant c in these instances. 

> These experiments were performed by C. I. Pope. ’ 

¢ This material was highest quality sterilized cotton, such as is ordinarily used for surgical purposes. 

4 These pulps had been subjected to modified chemical purifying processes by the manufacturers. 

¢ The values for all fractions were corrected for the slight amount of volatile material arising from 
rubber stoppers, which was found to be 0.0? percent per 150 ml of distillate, expressed as pentosans. This 
was found by distilling 300 m] of 12-percent hydrochloric acid alone in the apparatus. 
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The question DOW arises as to how much volatile material due to 
cellulose was obtained during the regular pentosan determinations in 
gation 1. This quantity could be estimated graphically from the 
oc for the distillate fractions beyond 1; or more simply, and suffi- 
recisely for the present purpose, by selecting values which 
are mpatible with those of the subsequent fractions. ‘To do this, 
it is necessary to know something of the relative rates of evolution of 
volatile material by cellulose before and somewhat beyond the 300-ml 
ont. ‘That this rate Is not greater before than after the 300-ml 
sint is shown by the data for the cotton materials A, B, and C, in 


yO 


table 5, wherein the values for fractions | and I are essentially equal. 


yalues f 
ciently P 





~SULFITE PULP 


H- SODA PULP 





l 1 | 
100 200 300 400 


VOLUME DISTILLED -MILLILITERS 








FigurE 1.—Rate of evolution of volatile material. 


A more detailed study of the “simple” distillation with sample C was 
made, again using a l-g sample. The volatile material was deter- 
mined in successive 60-ml fractions for the first 600 ml. The cor- 
responding curve C ’ is shown in figure 1 and is best represented by a 
straight line. This shows definitely that the rate of evolution of 
Volatile material from cellulose is not greater before than after the 
300-ml point. A basis is thus established for assigning a maximum 
value of approximately 0.9 as the amount of volatile material due to 
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cellulose in the first distillates by the simple procedure, for samples 
“7, and F. For samples G and H this value would be higher if a 
fraction II were considered. As previously mentioned, howere 
fraction IJ for samples G and H appears to be abnormally high berane, 
of small amounts of residual pentosans, since beyond I] the distillate 
fractions for samples G and H resemble closely the corresponding 
fractions for samples D, #, and F. Thus, 0.9 appears to be th, 
maximum value for all of these materials. 7 

The maximum value of 0.9 is in good agreement with the minimy, 
value of 0.8 previously arrived at in another manner. There is, }ioy. 
ever, evidence available that 0.9 is also a most probable value rae 
the standpoint of the reasoning just employed. In the study of yp. 
action rates in general, a straight line usually indicates that only oye 
substance is reacting with the medium—in this case, hydrochloric 
acid. This is especially true where large differences in the amounts of 
two possibly reactive materials, polyoses and pentosans, are known ty 
exist. By the method of redistillation of the distillate from sample ( 
table 3, shows that most of the original distillate was not furfurg) 
Even if it could be shown that the small amount of stable volatile 
material in the third redistillation of sample C, table 3, were furfurg) 
there still remains the possibility that such a small amount of furfurg! 
could arise from the decomposition of hydroxymethylfurfural, 43 
several workers report.’ Thus, the most probable assumption is that 
curve C’ is due to celluJose, and that the rate of evolution of volatile 
material by cellulose is essentially equal before and somewhat beyond 
the 300-ml point. This assumption does not rule out less probable 
possibilities, but furnishes a measure of substantiation of the value of 
the correction 0.9, already fixed by limits. 

The correction 0.9 refers to the cellulose in the fibrous materials 
studied, and is apparently not affected by wide differences in the small 
amounts of other materials| present, such as resin,'® lignin, wax, ete, 
known to exist in these types of pulps. Furthermore, the cellulose 
itself had been subjected to widely different treatments in the normal 
preparation of these pulps, without affecting this behavior of the 
cellulose. Since, moreover, the pulps studied were representative of 
the usual papermaking materials, 1t appears that the correction is 
generally applicable to like distillations of such commercial materials, 

It was deemed of interest to continue the detailed rate studies of 
the other pulps listed in table 5. An entirely different type of curve 
was obtained with the special sulfite pulp J). For the first 180 mi, 
curve D’ resembles in type curves F’ and H’," especially in that the 
maximum rate, corresponding to the maximum slope, appears it 
about the same part, 75 ml, of all three curves, which apparently 
characteristic of pentosans. From 180 to 600 ml, curve D’ is very 


15 Kirnmayer, Chem.-Ztg. 19, 1003 (1895). Erdmann, Ber deut. chem. Ges, 43, 2391 (1910), 

16 Glue, starch, and casein, often present in papers, were found to give rise to volatile material not ¢ 
ing 0.04 percent, calculated as a pentosan. This was determined by distilling quantities of these materis» 
corresponding to the high glue, starch, or casein contents of 4 percent, based upon the weight of the paper 
alone with hydrochloric acid as usnal and then analyzing with perl A onsets etc., by the usual method 

17 The remainder of curve //’ was omitted for convenience. It can be reconstructed, if desired, from \ 
following rate data for curve H: 

Volume distilled: Pentosan | Volume distilled—Continued. 
q ml 
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jmilar to C’, and in this region the volatile material in both cases 
apparently arose from cellulose. The slope of the latter part of D’ is 
1 times that of C’, which probably represents the difference in the 
sates of hydrolysis of the two types of cellulose. If it may be assumed 
{hat the cellulose in cotton is more resistant to hydrolysis than that 
‘, wood pulps, under the conditions of distillation, as it has been 
jund to be in highly concentrated, 41-percent hydrochloric acid,' 
‘t is seen that hydrolysis, or another similar reaction, is a necessary 
preliminary step Mm the production of volatile material from cellulose. 
Finally, it is seen from figure 1 that the slope of the straight portion 
of curve F” is the same as that of D’, which is to be expected if the 
same type of cellulose is here producing the volatile material. 

The straight line, occurring before the 600-ml point is reached, 
appears to be characteristic of cellulose, and is the type of curve to 
be expected as long as the available reactive surface does not change 
appreciably in area. Beyond 600 ml. the reactive area apparently 
diminishes rapidly as the fibers start to distintegrate and disappear, 
after which the rates of production of glucose, and consequently of 
the volatile material, decrease, and the curve approaches a limiting 
value. 

Small amounts of methylfurfural are probably also obtained from 
the methylpentosans during the regular determination. This may 
be distinguished from furfural, when these two are present alone,’ 
but in distillates from cellulose materials the presence of hydroxy- 
methylfurfural makes the direct application of the method uncertain. 
This does not matter for the present purpose, since the method is 
intended for the determination of pentosans as a group, as distin- 
suished from cellulose. 


III. METHOD IN DETAIL 


In view of the results obtained in this study, the following method 
is recommended for the determination of the pentosan content of 
pulps and papers. 

Approximately 1 g of the ground material is taken for analysis. 
The distillation is performed in a 500-ml distilling flask, above which 
is mounted a separatory funnel containing 400 ml of 12-perc ent 
nydrochloric acid. Rubber stoppers may be used if desired. One 
hundred milliliters of the acid is added to the sample from the separa- 
tory funnel and the remaining 300 ml is added dropwise as rapidly as 
necessary to maintain the volume in the distilling flask at 100 ml. 
\ water cooled condenser delivers through an adapter into a 1-liter 
glass-stoppered reagent bottle. The time of distillation is 100 minutes, 
during which time 300 ml is distilled. It is important to observe 
the requirements of time and quantity. 

Nifty milliliters of water and approximately 250 g of crushed ice 
we added to the distillate. After the temperature has fallen to —2° 
0 0° ©, 20.00 ml of 0.2 N bromate-bromide solution * is introduced 


wit) 
Wi 


tha minimum of agitation, after which the reagent bottle is closed 
ind shaken well. After 5 minutes, 10 ml of a 10-percent solution of 


LT 

WE C. Sherrard and A. W. Froehike, J. Am. Chem. Soc. 45, 1729 (1923). 

4 pilzabeth E. Hughes and S. F. Acree, Ind. Eng. Chem., Anal. Ed. 9, 318 (1937). 
* rhe ice should be relatively pure, although this is not essential, as some of the same ice is used in the 
‘ank determinations. 

* Vontains 5.57 g of KBrOs and 50 g of KBr, both of reagent grade, per liter. 
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potassium iodide is added. After again shaking the bottle thoroy rhly 
to allow absorption of the bromine vapors, the free iodine is tity, 
with 0.1 N sodium thiosulfate solution, using starch indicator, 
The blank is determined by diluting 270 ml of 12-percent (3 5 
hydrochloric acid to a volume of 350 ml, adding ice, bromate-bromide 
and potassium iodide in the usual manner, and titrating with 9) \ 
thiosulfate solution. ak: 
The pentosan content of wood pulps and papers made from . 
pulps is calculated by substitution in the following expression: 


> AON ATV (oe ; 
Pentosans, percent=1 03| SSO Nemes | 4 
i! 
C=volatile material arising from cellulose during the simple 
distillation. It has the value 0.9 for 300 ml of distillate 
N=normality of thiosulfate solution. 
v= blank on bromate-bromide solution under test conditions 
v,=volume of thiosuifate solution necessary to titrate the soly. 
tion after oxidation. 
W=weight of the test specimen after correcting for moisture. 
ash, resin, glue, and starch. 


wy 
j 


The factor of 1.03 is the correction necessary to account for the 
loss of furfural during the distillation from a pulp. This loss was 
taken as approximately 3 percent, based upon the average loss occur- 
ring in distillations of the usual amounts of furfural. 

The factor 6.60 is the product of 100X0.0480+-0.727, in whic: 
0.0480 is the weight of furfural in grams corresponding to | ml o! \ 
thiosulfate solution, and 0.727 is the theoretical conversion factor of 
pentosans to furfural. li the analyst desires values whicli are con- 
parable with those used in Kréber’s tables, in which the conversion 
of pentosans to furfural is arbitrarily assumed to be 80 percent, fu 
which the conversion factor is 0.582, the following expression may |x 
used, disregarding the furfural and the cellulose corrections: 


8.25 NX (va—0;) 
W 





Pentosan content, percent= 
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